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PREFACE 

The present volume is the outcome of an endeavour to fulfil an 
aeronautical need, which must have been experienced by most 
designers, draughtsmen, and students, in entering the field of 
aeronautics — namely, the absence of collected data and design 
methods. In other branches of engineering one finds numerous 
design and pocket books containing a compendium of useful 
information, and fulfilling most of the ordinary requirements. In 
aeronautical engineering, however, although there are numerous 
woi*ks of a more or less popular and romantic nature, yet the 
absence of similar design and pocket books is marked, no doubt 
on account of the more recent development of this branch. 

The chief object of the present work is to present in a simple 
yet brief form the principles underlying the design of aeroplanes 
from the standpoint of the mechanical engineer, and to collect and 
tabulate some of the data which experience has shown to be useful 
in design work. 

A chapter has been included dealing with the more important 
mechanical principles involved in aeronautical design, with an 
indication as to their utility and appUcation. 

Obviously, the subject of aeroplane design is now so wide that 
it is impossible either to treat each branch of the subject in full, 
or to embrace every branch, but it is hoped in the complete series 
of aeronautical manuals to cover most of the ground; the author, 
for these reasons, seeks the indulgence of the reader for any 
apparent incompleteness in the present work. 

In conclusion, the author would like to record his thanks to the 

proprietors of " Flight " for their kind permission to employ the 

diagrams indicated. 

A. W. J. 

London, 
1916. 
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THE DESIGN OF AEROPLANES 

CHAPTER I 

GENERAL DESIGN PRINCIPLES 

GENERAL PRINCIPLES. 

There are four forces acting upon an aeroplane in flight — ^ 

1. The weight of the machine (W), acting vertically ^ .^ 

downwards through its Centre of Gravity (C.G.). 

2. The aerodjmamic lift (L) of the wings (and other 

supporting surfaces), acting through the Centre of 
of Pressure (C.P.). 

3. The total head resistance (R) of the whole machine, 

which acts in a direction parallel to the direction of 
motion of the machine through the Centre of Resist- 
ance (C.R.) 

4. The propeller thrust (T), acting through the Centre 

of Thrust (C.T.). 

Case I. — In order that the aeroplane may be in equilibrium, 
these four forces must balance each other. *-> 

The ideal conditions of equilibrium are — 

W=LandT=R, 

and that all four forces act through the same point, as shown 
in Fig. I. In this case, if the engine ceases to work, T =0; then 
for equilibrium to occur the machine will glide downwards at its 
"natural gliding angle," as shown in Fig. 2, in which the gliding 
angle is denoted by B, 

The forces required to balance the lift force (L) and head resist- 
ance (R) being obtained at the expense of the components of the 

weight, then — 

L= W cos B, and D=W sin B. 

The gliding angle B = tan"^ y. 

Incidentally, this result suggests a method, made use of in 
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2 THE DESIGN OF AEROPLANES 

practice, for obtaining from the gliding angle of a machine (or 
glider) the lift to drift ratio. 

Case II. Acentric Types. Line of Propeller Thrust above Centre 
of Resistance (Fig. 3). — For equilibrium in this case, the weight- 
lift couple must balance the thrust-resistance couple— that is, 

Wxx=Txy. 

If the engine stops, T will be zero, and the machine will be 

L 



T^ 



♦ 

W 

Fig. I. 

unbalanced. The weight-lift couple will then cause the nose of 
the machine to rise; the thrust being lost, the machine loses its 
flying speed, and the planes cease to support the weight, conse- 
quently a tail-dive occurs. 

Case in. Line of Propeller Thrust below Centre of Resistance 








Fig. 2. 

(Fig. 4). — As in Case II., the weight-Hft couple must equal the 
thrust-resistance couple, and so 

Wxx=Txy. 

An engine stoppage will, in this case, result in a nose dive, 
as the weight-lift couple acts so as to pull the nose of the machine 
down. 
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If the lines of thrust and resistance be not far apart — that is, 
do not exceed 2 feet in ordinary machines — the effects of engine 
stoppage may be counteracted by use of the rear elevator, moving 
same downwards in Case IT and upwards in Case ILl 

In many present-day machines the C.G. is below the C.R. by 
about I foot to I foot 6 inches. 

Where the C.G. is very low, as in the " parasol " types of 




machine, ** steadiness " is obtained at the expense of pitching 
and rolUng with a fairly low period of movement, and the centri- 
fugal effect of turning causes the weight to swing outwards Uke 
a pendulum. 

In many present-day machines the centre of resistance is below 

L 
I > ^ 
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T ^ 



■^R 



±- 



w 

Fig. 4. 

the centre of propeller thrust, in order to obtain sufficient propeller 
clearance from the ground under the worst landing conditions; 
there is also a stabiHzing effect from the propeller. 

In Case I. it was stated that for perfect equilibrium the lines of 
action of the weight and hft should coincide. This condition of 
equiUbrium can only be true for one angle of incidence of the 
aerofoil, or wing, of present-day practice, since the position of 
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the centre of pressure changes with the angle of incidence; the 
use of auxiliary surfaces, such as the longitudinal V<tail or rider 
plane arrangement, negative wing tips, etc., ensure a more or 
less steady position of the centre of pressure at all flying angles. 

Some data for design purposes in connection with the stabiUty 
of aeroplanes is given in the separate volume of this series, 
entitled " Stabihty and Control," in which the principles of 
stability are discussed, and corresponding particulars are fur- 
nished for the design of all control surfaces, etc. 

In the case of the lines of action of the resistance and of 
thrust, these will only coincide at one particular angle of inci- 
dence, since the centre line of resistance varies with the angle of 
incidence and the speed. 

CALCULATION OF THE POSITION OF RESULTANT FORCES. 

It is necessary, in applying the principles already given to the 
case of an actual aeroplane, to be able to compute the exact 
positions of the centres of pressure, gravity, and head resistance 
respectively from a knowledge of the component forces acting 
in each case. 

A concrete example will exemplify the method. 

It is required to find the centre of (vertical) pressure of a 
complete aeroplane (Fig. 5) at a given speed and incidence. If 
the vertical forces due to the air pressures upon the component 
parts, such as the main planes, fuselage, tail planes, and elevator 
planes, be denoted by Lp, Lp, Lt, and Le respectively, acting at 
distances Xp, Xp, Xt, and Xe from some given datum vertical 
line O O; then, by taking moments about O O, the following rela- 
tion is obtained: 

(Lp + Lp + Lt -|- Li.)X = LpXp + LpXp + LtXt H- LeXej 

where X is the distance from O O of the line of action of the 
resultant vertical pressure. 

That is— 

Y LpXp + LpXp + LtXt + LeXe 2L *X 

^ " Lp+Lf+Lt+Le SET' 

or, is equal to the sum of the moments of the component forces, 
about O O, divided by the sum of the forces acting. It is 
assumed that the actual forces due to the air pressures at the 
given speed and incidence of the machine are obtainable from 
experimental data or by calculation. 

This general method is equally applicable to the cases of centres 
of gravity and resistance respectively. 

In estimating the positions of the C.G. and C.R. it is usually 
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convenient to take some fixed plane, such as the engine-plate, 
fuselage end, or in the latter case the propeller-thrust line, fuselage 
top, etc., and to reckon all moments as positive to one side of the 
chosen plane and negative to the other; the moments should then 
be added algebraically, and divided by the total weight in order 
to obtain the position of the resultant force. 

When considering the position of the C.G., allowance must be 
made for any variation in the loads themselves, due to such 
causes as an extra passenger being occasionally carried, the fuel 
consumption during a flight, release of bombs, etc. 

It is usual to situate the passenger's seat and fuel tanks over 
the C.G. in order to preserve balance; and in the case of it being 
inconvenient to place the tanks over the C.G., for'constructional 




Fig. 5. 

or other reasons, the tanks may be arranged on either side of the 
C.G., so that their distances are inversely proportional to their 
relative fuel consumptions. 

In the case of air-cooled engines this ratio is about 5:1, and 
for water-cooled engines about 10 or 12 to i. In all cases it 
should be arranged, if possible, for '* variable " weights to be 
placed as near to the C.G. as possible. In the case of the 
petrol tank the variation in the position of the C.G. will be 
very serious if this point is not observed. An 80-h.p. engine 
requires 240 pounds of petrol for a six hours' flight, which is very 
nearly the weight of the engine, so that unless the C.G. of the 
tank and fuel be on the C.G. a difference in balance will occur as 
the fuel is used up. 
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THE GYROSCOPIC TORQUE OF ROTARY ENGINES. 

When an aeroplane propelled by a rotary engine (that is, one 
in which the cyUnders and crankcase revolve as a whole) is made to 
deviate from a straight course, a gyroscopic couple is called into 
play, which to some extent afiects both the steering and the 
stresses upon the engine mounting. 

The actual amount of the gyroscopic couple in most cases is 
small compared with the couples which can be brought into 
action by the warp or ailerons, and the effect upon the steering 
is comparable " with that produced by a small gust of known 
direction, and should cause no difl&culty to the flyer," to use the 
words of the Monoplanes' Accidents Investigation Committee's 
Report of February 8, 191 3. 

In the case of a tractor machine, fitted with an engine which 
rotates anti-clockwise when viewed from the front of the machine, 
if the aeroplane makes a turn to the left hand (from the pilot's 
point of view) the effect of the gjrroscopic couple, brought into 
action and due to the angular change in the plane of rotation 
of the engine, is to tend to bring the tail down or the nose up; 
a right-hand turn tends to bring the tail up and the nose down. 

Again, when the aeroplane dives, the gyroscopic couple will 
cause a tendency to steer to the left-hand side, whilst an upward 
change in direction will give a right-hand steering tendency. 

The amount of the gyroscopic torque called into play in any 
specific case depends upon the angular velocity of the change in 
position of the plane of rotation of the engine, and will also vary 
as the square of the radius of gyration of the engine about its 
axis of rotation, and with the mass of the engine. 

Expressed symboHcally, 

Gyroscopic torque =1 w 3, 

where I = moment of inertia of engine about its axis of rotation; 
w =the angular speed of rotation of engine; 
6 = angular speed of movement of engine's plane of rotation. 
This expression can be written in a more useful form thus : 

M V N A^ 
Gyroscopic torque =0*0048 ■, 

where M = weight of engine in pounds; 

V = velocity of aeroplane in feet per second; 
^= radius of g3n:ation of engine about axis of rotation 

expressed in feet. 
N = revolutions per minute of engine; 
R= radius of turning circle of aeroplane in feet. 
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Example. — In the case of a 100 h.p. Gnome engine weighing 
290 pounds, and revolving at 1,200 revolutions per minute, the 
radius of gyration of the engine may be taken as 15 inches. If 
the aeroplane whilst traveUing at 80 miles an hour turns in a 
circle of 300 feet radius, then the gyroscopic torque called into 
play will amount to 696 pounds feet. 

In a biplane fitted with such an engine the torque which can 
be produced by the ailerons may reach 2,060 pounds feet, so that 
the gyroscopic torque (about the same axis) is well within the 
pilot's control. 

THE PROPELLER TORQUE. 

In considering the forces acting upon the framework of an 
aeroplane, the effect of the reactive propeller torque should be 
allowed for. In the case of similar twin propellers S3nnmetrically 
situated, these torques may be easily balanced by making them 
revolve in contrary directions. 

The amount of propeller torque acting when the engine is 

revolving uniformly is given by : 

H P 
Mean propeller torque in pounds feet =5,250 • ' * , 

where N= revolutions per minute and H.P. = horse-power of 
engine. 

The reaction of the propeller torque is taken by the engine- 
bearers, which must therefore be made strong enough in torsion 
to resist not only the uniform torque, but sudden fluctuations in 
the torque due to the variation in the engine torque through 
misfiring, small number of cylinders, etc. 

In the case of a 100 h.p. engine running at 1,250 revolutions 
per minute, the torque to be taken by the engine-bearers will be 
420 pounds feet, which is less than the gyroscopic torque pre- 
viously calculated. 

It should be remembered that, more especially in the case of 
small horse-power engines, there is an appreciable torque caused 
through starting the engine by swinging the propeller. Thus, 
in the case of a mechanic exerting a pull of 40 pounds at a 
radius of 3 feet, the starting torque will be 120 pounds feet, 
and will act in the opposite sense to the reactive engine torque 
when running; a 35 h.p. engine running at 1,000 revolutions 
per minute gives a uniform torque equivalent to 184 pounds 
feet; the engine-bearer and fuselage must therefore be designed 
to take the torque in both directions. 

The effect of the reaction of the torque upon the equilibrium 



8 THE DESIGN OF AEROPLANES 

of the aeroplane is to cause a banking couple, unless twin pro- 
pellers are used. The amount of this couple is well within the 
pilot's control, and it is only its variation which requires atten- 
tion. 

Attempts are often made to counteract this torque reaction 
effect by introducing some kind of permanent surface fixed at 
an angle of incidence to the relative direction of travel, which 
will experience an air-pressure and give a twisting moment 
opposite in effect and amoynt to the reactive torque. Thus, an 
aileron, fin, or wing tip may be permanently flexed or tilted, or 
the whole tail unit given a twist, as proposed in one of Cody's 
patent specifications. 



CHAPTER II 

THE ESTIMATION OF AEROPLANE WEIGHTS 

Having decided upon the type of machine required and the 
conditions of flight, such as the number of people to be carried, 
the fuel for a given number of hours* flight, the speed range, 
useful load, and other factors, it is always necessary for design 
purposes to estimate the weights of the various parts with a fair 
degree of accuracy, in order to fix the total weight and position 
of the C.G. 

In a new -type machine these processes are largely a matter of 
prediction by analogy with existing machines, and of calculations 

In all cases it is useful, and advisable, to check the weight of 
each finished part of the machine before assemblage, and to correct 
one's estimates with this information. 

It is often advisable, in order to allow for errors in weight 
estimates, to provide for some adjustment of the positions of the 
C.G. and C.R. by the provision of adjustable pilot's or passengers' 
seats, fuel tanks, etc., and in some cases the exact position of 
the C.G. may be verified by the following method : 

(a) Obtain by measurement or component weighing the 

weight of the whole loaded machine. 

(b) Suspend from an accurate spring balance a point of the 

tail situated at a distance x (Fig. 6) from the point of 
contact of the wheels with the ground; then, if P be 
the spring -balance pull in pounds, say, and W the 
weight of machine in pounds, the distance y of the 
C.G. of the whole machine from the wheels is given by 

Vx 

From a knowledge of the weights per unit volume of various 
substances, and from the published weights given in the manu- 
facturers' catalogues, the component weights may be fairly 
closely predicted. 

It is usual first to' make a rough lay-out of the proposed 
machine, showing approximately the positions assigned to the 
various parts; from this the total weight may be estimated and 

9 
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the approximate position of the C.G. obtained. In connection 
with the total estimated weight, it is advisable to allow an increase 
of between lo and 20 per cent. 




V\a; 

Fig. 6. — ^Method of Finding C.G. of an Aeroplane. 

From the estimated weight, the sizes of the wings and control 
surfaces can be fixed more accurately, and by a process of trial 
and error more exact weights may be estimated, and more correct 
location of the C.G. will be possible. 

DATA FOR WEIGHT ESTIMATES. 

1. The Pilot's weight, in full flying kit, may be taken as being 
from 160 to 180 pounds. 

2. The Engine — (a) Air-cooled Engines. — These weights vary 
with the type of motor, from i'95 to 7*0 pounds per b.h.p. 

In the case of the Gnome engine, the weight varies from i«95 
pounds in the 160 h.p. type up to 3*4 pounds in the 50 h.p. type. 

For the stationary Anzani type, the weight varies from 3*4 
pounds in the 200 h.p. model up to 4*72 pounds in the 25 h.p. 
model. 

A good average figure for the motor alone, in the absence of 
exact data, is to allow 4*5 pounds per h.p. for sizes between 
30 and 70 h.p., with a proportionate decrease to 3*5 pounds up to 
200 h.p. types. 

(b) Water-cooled Engines, — These engines are invariably heavier 
than the corresponding sizes of air-cooled types, and the weight 
varies from 3*0 up to 9*0 pounds per b.h.p. 

A good average figure for the best types of water-cooled engine 
is to take 3»75 pounds per h.p. for sizes between 30 and 70 h.p. 

The higher horse-powered engines here also show a reduction 
in the weight per h.p. 

Thus, the 85 h.p. Benz motor, without radiator, weighs 4*3 
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pounds, the loo h.p. type 4'25 pounds, and the 150 h.p. type 
3 '5 pounds per h.p. 

In reckoning the weight of the engine unit, it is advisable to 
verify whether the manufacturer's figures include the weight 
of the flywheel, carburettor, magneto, starting device, piping, 
etc., as the pubhshed figures are generally upon the light side. 

The weight of a good make of radiator may be taken as 0*75 
pounds per h.p., and a magneto for a seven -cylinder engine weighs 
from 15 to 20 pounds complete. 

In estimating water-cooled engine radiator weights, the weight 
of cooling water should be reckoned ; the weight of cooUng water 
per B.H.P. varies from "300 pound in the case of very high horse- 
powered engines, to '500 pound for low-powered engines. Good 
average figures to assume are as follows : 

{a) For H.P. less than 50, weight of water per H.P. =0-500 pound. 
(6) „ „ between 50 and lOo „ „ „ =0400 „ 

(c) „ „ above lOo, „ „ „ =0350 „ 

FUEL WEIGHTS. 

For either petrol or benzole the fuel consumption per b.h.p. 
hour may be taken as : 

1. For air-cooled engines, fixed type . . . . =o«65 pound. 

2. For air-cooled engines, rotary type . . . . =0*70 ,, 

3. For water-cooled engines .. .. .. =o»5o ,, 

Oil consumption per b.h.p. hour: 

1. For fixed air-cooled types (without auxiliary 

exhaust ports) .. .. .. .. =0'io pound. 

2. For rotary air-cooled types (without auxiliary 

exhaust ports) .. .. .. .. =0*25 „ 

3. For water-cooled engines . . . . . . =0'05 ,, 

FUEL TANKS. 

The weight of petrol tanks in copper is slightly heavier than 
those in tinned steel; but the following figures represent the 
average results of a large number of measurements : 

1. Petrol Tanks, complete with filler and cock: 

Weight per gallon capacity =2 'O to 2*5 pounds for sizes up 

to 10 gallons. 
,, ,, =1*5 to i«o pounds for sizes from 

10 gallons to 50 gallons. 

2. The weight of oil tanks may be taken as being about 15 per 
cent, heavier than for petrol, but in many cases they are the same 
weight for the same capacity. 

TOTAL MOTOR WEIGHTS. 

It is always advisable, when considering the question of engine 
selection, to remember that for short flights the air-cooled engine 
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is the lighter, in spite of its relatively heavier fuel consumption, 
but that for long journeys the better fuel economy of the water- 
cooled type enables a saving in the total power unit weight to be 
effected. 

In considering the weight of the power unit of the machine, 
which includes the engine, tanks, fuel, and engine mounting, it is 
often useful to tabulate the available data somewhat in the 
manner indicated in Table I., in order that the Weight for a given 
h.p. and period of flight may be rapidly determined. 

The data given refers to the engine, fuel, tank, and engine- 
mounting weights. The engine is considered to be working at 
full power in each case. 

The engine weights, unless otherwise stated, include the 
radiator and magneto, but in the case of the Green engine the 
optional flywheel weight is included. 

ENGINE FITTINGS. 

Engine plates and bearers vary considerably in weight, and 
depend largely upon the fuselage design. An engine plate for a 
fixed radial type of from 40 to 70 h.p. weighs from 10 to 20 
pounds, inclusive of bolts, bracing, and struts ; for a radial rotary 
type this figure varies from 15 to 30 pounds, and the weight goes 
up approximately as the square root of the h.p. of engine. 

The weight of the engine shield or *' cowling " also varies as 
the square root of the h.p., and is about twice as great for rotary 
as for fixed type engines. Thus, for a 50 h.p. fixed radial engine 
the " cowling '' weight would be about 12 pounds, whereas for a 
rotary type of the same h.p. the weight would be from 20 to 
24 pounds. 

An approximate figure for the engine -mounting weight is to 
take one-eighth of the engine weight for a rotary type and one- 
twelfth the engine weight for a fixed type engine. 

PROPELLER WEIGHTS. 

The weight of a 7 feet 6 inch diameter two-bladed propeller 
for a 50 to 70 h.p. engine varies from 15 to 18 pounds, and goes 
up as the square root of the h.p. for other engines. 

A good rule for approximate purposes is to take the propeller 
weight W as: 

W=2-5\/irp7 

The weights of 3- and 4-bladed propellers are in proportion 
to the number of blades for the same h.p. Thus, a 3-bladed 
propeller of 7 feet 6 inches diameter weighs from 24 to 32 pounds . 
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AEROPLANE WING WEIGHTS. 

From the design of a wing, it is an easy matter to calculate 
the weight of the components, and to allow from lo to 20 per cent 
increase for unforeseen additions. 

The following table gives the weights of the wings of a few 
typical machines of standard practice. These weights are in- 
clusive of all internal cHps, bracing, strut and cable chpe, 
fabric, etc. 

Table II. — Wing Weights. 





Type. 


Wing Area 


Wing Weight 




in Sq. Ft. 


in Lbs. 


' 


80-h.p. monoplane . . 


204 


176 


H 


80-h.p. ,, 


175 


154 


3 


50-h.p. ,, 


150 


no 


(4) 


70-h.p. 


215 


X20 


(5) 


80-h.p. biplane, scout 


220 


|tx>p plane = 88 
\lower „ = 54 


(6) 


loo-h.p. biplane, single seater 


250 


\ lower 


„ - 70 


(7) 


70-h.p. biplane, two-seater . . 


350 


\ lower 


,» =190 

M =120 


(8) 


70-h.p. biplane, two-seater . . 


400 


/top 
\ lower 


„ =100 
„ = 80 



From these figures it will be seen that the wing weight varies 
from about 0'5 up to about i«o pound per square foot of wing 
area. 

The wing weight varies, approximately as the span, in similar 
types of machine, and in different types as the wing loading 
per square foot of surface. In the examples given the loading 
is about the same in each class, but about 30 per cent, greater 
for the monoplane class. 

An instance is given in the Advisory Committee's Report, 
1911-12, of a certain biplane of about 1,000 pounds body weight, 
the area of the upper wing of which is 180 square feet, and its 
weight 190 pounds, of which 30 pounds is accounted for by the 
fabric. 

From this it follows that the weight of similar wings, exclusive 
of the fabric, is given by 

Wi = 12 \/A pounds where A =area in square feet, 

and inclusive of the fabric by 

-r A 



W2 = I2V^A-h 



6* 
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From a consideration of the stresses in similarly loaded wings, 
the following formulae have been deduced for the weight of 
aeroplane wings : 

(a) Weight of Monoplane Wing : w = O'Oi 7 W \/a ■+- o- i 6 A ; 

(b) Weight of Biplane Wing: tt;=o*oi2 W\/A-i-0'i6 A, 

where W=the body weight of the machine in pounds (that is, 
the total less the wing weight) and A ^ the area in square feet of 
the wings. It will be seen from these relations that monoplane 
wings weigh from 30 to 40 per cent, more than biplane wings; 
the second term represents the fabric weight in the above expres- 
sions. 

WEIGHT OF FABRICS. 

The weight of undoped aeroplane fabric varies from 3 to 
8 ounces per square yard (single), according to its quaUty and 
strength — ^the heavier seaplane fabrics approach the higher 
figure, whilst Hghtly loaded biplane fabrics give the lower figure. 
For doped and varnished fabric the weight varies from 7 ounces 
to I pound per square yard. A good figure to take is 0*7 pound 
per square yard single surface. 

A useful number used by the French designers is 0'5 kilo- 
gramme per square metre for single surface. The weight of four 
coats of ordinary dope, including the finishing varnish, is about 
4 ounces per square yard. 

WEIGHT OF CONTROL SURFACES. 

The methods of construction for the rudder, elevators, tail, 
etc., are necessarily lighter than those for the wings. The results 
of a number of measurements give the following data : 

For wooden structures: a; = 0*3 to 0*5 pound per square foot, 
For steel structures: a; =0*5 to 0*7 pound per square foot, 

inclusive of all clips, fittings, and control arms. All-metal frames 
weigh about 10 to 15 per cent, more than all- wood ones. 

FUSELAGE WEIGHTS. 

It is not possible to give exact figures for the fusela^^e, as the 
weights will vary with the type of machine, number of pas- 
sengers, h.p. of engine, and type. 

Fuselage weights vary from about 60 pounds in the case of 
light scouts and monoplanes to 200 pounds for large, high- 
powered biplanes carrying large loads. 
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A rough average figure of 85 pounds may be taken for small 
biplanes and monoplanes of about 700 pounds net weight, and 
100 pounds for ordinary monoplanes with engines up to 80 h.p,, 
and 1,000 pounds net weight. For two-seater biplanes up to 
1,600 pounds net weight 150 pounds is a good working 
figure. 

It is a fairly easy matter to compute the weights of any par- 
ticular type of fuselage from its dimensions and design. The 
above figures apply only to the long fuselage tjrpe, in which 
the engine, pilot and passenger, and the rudder, elevators, and 
tail planes are all carried on the same structure, and not by 
outriggers as in the Farman, Caudron, and other machines; 
further, the fuselage weights include all cUps and fittings, seats, 
instrument boards, engine bearers and coverings, engine cowls, 
etc., but not the tanks and landing chassis, engine, and propeller. 

For hydroplane fuselages of copper-sewn mahogany, metal 
sheathing, etc., the weights are higher; thus a 100 h.p. machine 
weighing loaded 2,200 pounds will have a '* body " weight of 
between 180 and 240 pounds. 

If the fuselage be considered as a girder loaded downwards 

with the various component weights, such as the engine, fuselage 

itself, control planes, and supported at the C P's of the wings 

and tail planes, it follows that the weight of similar fuselages of 

W • / 
equal strength will vary as g-rj2» where a;=the total weight 

of machine less the wing weights, /=the fuselage length, b its 
breadth, and d its depth. 

In the case of a biplane W = 1,500, ^=27 feet, b=2 feet, and 
d=2 feet 6 inches, and the weight wf = 1^0 pounds, from which 
is obtained the formula for estimating the weights of similar 
fuselages : 

I W-/ 



LANDING CHASSIS. 

As in the case of the fuselage, the weight depends largely upon 
the design, and therefore it should, where possible, be estimated 
or checked from the design. 

In the case of the Bleriot type of undercarriage the weight for 
an 80 h.p. machine is about 95 pounds, whilst for the simplest 
type of V undercarriage, consisting of five ash struts, a pair of 
26-inch diameter wheels, and steel axle, the weight can be reduced 
to about 55 or 60 pounds. 
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The undercarriage weight will vary with the total machine 
weight, and with the lowest landing speed. It may be fairly 
correctly assumed, however, that in well-designed machines the 
total machine weight and the lowest landing speed will vary as 
the square root of the h.p. 

This leads to the relation for the undercarriage weight — 
namely : 

te;=9\/h.p., 

which will be found to give fairly correct results. 

In estimating the weights of undercarriages, the following 
table of wheel weights (Table III.) will be found useful. The 
weights given are for the weights of fully inflated tyres complete 
for fixture to the chassis axles : 

Table III. — Weight of Palmer Aeroplane Wheels. 

600 x75 mm. .. .. .. .. 9 lbs. 13 ozs. 

700 X 75 mm. . . ... . . . . 12 lbs. 7 ozs. 

750 x125 mm. .. .. .. 21 lbs. 3 ozs. 

800 X 150 mm. . . . . . . . . 23 lbs. i oz. 

INSTRUMENT WEIGHTS. 

The weights of the instruments usually carried upon aero- 
planes should be taken into account; the total weight varies from 
12 to 20 pounds, being on the average 2 pounds per instrument. 
In a specific case the total weight of revolution counter, air-speed 
recorder, altitude meter, compass, incUnometer, clock, oil and 
petrol gauges, was exactly 16 pounds 2 ounces. 

MISCELLANEOUS WEIGHTS. 

In the tables given at the end of the book will be found data 
for estimating the weights of the various parts from a knowledge 
of the design and materials used ; the weight tables of strainers, 
piano-wires, cables, metal sheets, steel and aluminium tubing, etc., 
will also be found useful in the above connection. 

Although the weight of an individual strainer, small chp, or 
bolt is not in itself appreciable, yet when the total number of 
these parts in the machine be taken into consideration the total 
weight may become important. 
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EXAMPLE OF AEROPLANE COMPONENT WEIGHTS. 

The figures given below are for a typical case of a biplane of 
wing area 340 square feet and engine h.p. =70, fitted with seating 
for twd people : 



(A) Dead Loads. 

70 h.p. engine, complete with radiator pipes and all 

accessories 
40 gallon petrol and oil tank 
Upper wing, with clips 
Lower wing, with clips 
Control surfaces 
Fuselage, complete with engine-bearers, seats, 

and fittings, instruments, etc. 
Landing chassis and tail skid 
Miscellaneous: 

Propeller and plates 

52 strainers 



Weight in 
pounds. 



240 feet cable 

80 feet of struts . . 

CUps and fittings, piano 



wire, and bolts 
Total dead load 



(B) Live Loads. 

Petrol for six hours' flight. . 
Oil for six hours' flight 
Passenger and pilot. . 



t • 




410 


B • 




40 


i • 




100 


1 • 




85 


1 • 




35 


controls, 




• • 


• • 


140 


• • 


• • 


80 


■ • 


• • 


17 


• • 


• • 


6 


• • 


• • 


14 


• • 


• • 


56 


• • 


• • 

• • 


25 


• • 


1,008 


• • 


• • 


240 


• • 


• • 


20 


• • 


• • 


320 



Then- 



Dead load = 1 ,008 pounds. 
Useful load = 580 

Total 1,588 pounds. 



580 



\v 



The useful load carried by a well-designed aeroplane varies 
from about 0*25 to 0*40 of the total weight of the machine, the 
useful load being taken to include the live loads, as defined above. 



CHAPTER III 

GENERAL DESIGN CONSIDERATIONS AND 

DATA 

General Characteristics. 

It is desirable that an aeroplane should possess the following 
qualities : 

1. It should be efficient — ^that is, it should be able to carry 

the maximum load for a given distance with the least 
expenditure of energy. Expressed symboUcally, the ratio 

Weight X Velocity , ,, , , .,, 

XT p~ should be as large as possible, consis- 

tent with the usual factors of safety adopted. 

2. It should have a low minimum sal 3 flying speed and a 

large speed range, and, further, the maximum fl3dng 
speed should be aerodynamically safe. 

3. It should be stable under all conditions of the weather. 

4. It should exhibit a good climbing rate. 

5. It shoidd be capable of being easily controlled and flown, 

with the least expenditure of physical energy upon the 
part of the pilot. 

6. It should possess a good gliding angle, in order to obtain, 

from a given height, the maximum available alighting 
area. 

Further minor requirements are that it should be easily dis- 
mantled and re-erected for transporting, silent when in flight, all 
parts should be weatherproof, it should be able to rise from 
" plough " land quickly, and should be provided with landing 
brakes. 

Special Characteristics. 

These will depend upon the purpose for which the machine 
is designed. Examples of these special qualities for certain types 
of machine are given below : 

I. Scouting Aeroplane. — Designed to carry pilot only at a 
high speed, with a high cUmbing rate. Capable of 
being started and manipulated single-handed. Built 
very light; good distance range. (Fig. 7, A,) 

19 
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. Reconnaissance Aeroplane.— TKmgaed to carry i 

and pilot, with signalling appliances, fuel capacity for 
a wide radius of action, lai^e speed range for recon- 
naissance at a minimum speed, able to land and get off 
from rough ground, silent and as invisible as possible. 







Fig. 7. — Types of Aeroplanes. 

both on ground and in the air, wide field of view, stable, 
easily transported, and weather-proof. (Fig. 7, B). 
3. Fighting Aeroplane. — Designed to carry pOot and gunner, 
quickfiiing gun (preferably in front) , or bombs, for over- 
taking other machines and destroying, high speed, good 
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field of fire and vision, armoured on ddes and beneath - 
vital parts, as, for example, the pilot, engine and tanks; 
it should also be silent. (Fig. 7, C.) 
4. Bydropianes.—Desigaed to carry pilot, passenger, and fuel 




The 100 b.p. N leu port Maplaaf. 



The 80 b.p. H. Faiman scaplii 




The 200 h,p. Sopwith QytoK bMt 

F Aeroplanes, 



Fig. 8. — Types c 



for a wide radius of action, capable of alighting on and 
getting off from fairly rough seas, seaworthy and pro- 
tected against external influences, easily dismantled and 
stowed away. (Fig, 8.) 
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Machines accepted by the British MiUtary Authorities must 
fulfil the following conditions (March, 1914) : 

Military Tests for Aeroplanes. 

1. The Chief Inspector of Mihtary Aeronautics is prepared, at 
the request of an aeroplane constructor, to put an aeroplane 
through the ordinary miUtary acceptance test under the following 

conditions : 

(i) The test consists of examination of workmanship and 
materials, speed test, fast and slow, cUmbing, weight 
of load carried, roUing test, and one hour's flight. 
The constructor must supply the pilot and passenger. 
For purposes of calculation weights of pilot and pas- 
senger will be 160 pounds each. 

(2) Stress diagrams in duplicate for the aeroplane must be 

sent with or before the machine. A minimum factor 
of safety of 6 throughout is essential. 

(3) No machine will be tested for miUtary purposes unless 

it fulfils the conditions of one of the types used for 
mihtary purposes. These are given in attached table. 

(4) The instructor, when applying to have his machine tested, 

should state his reasonable expectation of the per- 
formances of the machine. 

(5) Aeroplanes submitted for test must be put through the 

whole of the tests unless damaged before their com- 
pletion, or unless the Chief Inspector considers that 
the tests should be stopped for reasons of safety. 

2. The Chief Inspector of MiUtary Aeronautics is also prepared 
to examine and test aeroplanes which may be designed not for 
purely miUtary purposes, but to demonstrate some practical or 
theoretical improvement in design of construction. The tests 
imposed in such cases will be at the discretion of the Chief In- 
spector. 

3. Results of any test wiU be suppUed to the constructor by the 
Chief Inspector, and will be kept secret, if desired by the con- 
structor. Should the constructor wish to publish the result of 
the test, it is to be understood that the result should be pubUshed 
complete. Should only part of any report of the test be published, 
the Chief Inspector reserves the right to publish it in full. 

4. The satisfactory performance of the tests laid down in para- 
graph I does not constitute a guarantee that the aeroplane 
in question will be purchased by Government. 

5. These tests may be altered from time to time; notice will be 
given as early as possible of any alteration. 
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Wing Loading. 

The weight of an aeroplane is governed largely by its special 
function, and having once been estimated as correctly as possible, 
the wing area for supporting this load can be obtained as follows : 

If Cl be the absolute hft coefficient corresponding with the sec- 
tion of wing chosen from speed range, power, etc., considerations, 

then W =Cl • ^ • A • V2, where 

8 

W = weight of machine, fully loaded, in pounds; 

p= density of the idr in pounds per cubic foot =0*0807 

pound at 32** F. ; ♦ 

g= acceleration due to gravity in feet per second =32*18; 

A =area of wings in square feet; 

V = velocity corresponding to normal flying angles (usually 

between 3 degrees and 5 degrees) in feet per second. 

The value of the constant - is 0'00236, or . If the velocity 

s 424 

V be expressed in miles per hour, the value of the constant 
becomes 0*00510, or — . 

In order to facilitate calculations, values of - • V^, referred to 

g 
as " conversion factors,'* have been calculated, and are given in 

a table at the end of the book. 

It is then only necessary to multiply the absolute lift coefficient 

by the area and by the conversion factor corresponding to the 

chosen speed, in order to obtain the load hfted. 

W o 

The wing loading per square foot = — =Cl • - • V^ 

=Clx Conversion Factor. 
METRIC UNITS. 

If W be in kilogrammes, A in square metres, V in metres per 
second, and further, if p be the density of i cubic metre in kilo- 
grammes, and g be expressed in metres per second, 

then g=9*8i, and ^ = 1*25, 

so that W =Cl • ^^ • A • V2 where Cl is the absolute Hft co- 

9*01 

efficient, as before. 

(The Uft and drift coefficients Ky and Kx employed by Eiffel 
in his pubUshed results can be converted into absolute coefficients 
by multiplying them each by 8*0. 

Thus Cl=~|^ Ky = 8*o Ky and Cd=8-o K^r.) 

* The density at other temperatures is given in a table at the end 
of this book. 
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CALCULATION OF WEIGHTS, AREAS, AND SPEEDS. 

In order to facilitate the process of the selection of wing area« 
to suit different conditions of loads and speeds, the curves in 
Fig. 9, and the values in Table V., are given, and have been calcu- 
lated from the relation — 

^^~A-/,-V2- 

There are four possible variable factors in this relation, namely, 
the load, area, velocity, and Hft coefl&cient; if any three are 
known, the fourth can be at once ascertained. 

Example i. — Required the wing area to support a load of i,oo6 
pounds at a speed of 80 miles per hour for the Bleriot XI.A section 
wing having a lift coefl&cient of 0*159 at 2*0 degrees incidence. 

From the table it will be seen that this value for Cl =0*159 
gives a wing area of about 195 square feet. 

Example 2. — ^Required the speed necessary to support an aero- 
plane of 800 pounds weight, with a wing area of 175 square feet, 
and for which at the normal flying angle of 4 degrees Cl =0'3i4. 

The speed for 1,000 pounds weight will be seen from the table 
to be about 60 miles per hour, and therefore the speed correspond- 
ing to 800 pounds weight will be 60 \/ =54 miles per hour. 

GENERAL USES OF TABLE V. AND FIG. 9. 

For properly defined conditions of loading, speed, and wing 
area, this table enables one to select the proper wing sections 
which give the required values of the Uft coefl&cient. 

Values of Cl for all known types of wings vary from Cl =o*oo 
at o degree, or a small negative angle of incidence, to Cl =o-8o in 
the extreme cases at angles of incidence of about 10 or 14 degrees, 
and the range of values for Cl chosen must lie between these 
limits, and, further, must not be associated with any unstable 
position of the centre of pressure, or with the value of the lift 
coefl&cient at the critical angle of incidence (usually beyond 
14 degrees), at which Cl becomes less. 

Obviously the values given in Table V. for Cl, which are 
greater than o*8o, are inappUcable to all ordinary t3^es of aero- 
plane wing of the present day. 

For further information* upon the subject of wing sections, 
lift and drift coefl&cients, and wing selection for design purposes, 
the reader is referred to the volume of this series entitled " The 
Properties of Wing Sections and the Resistance of Bodies," to 
Eiflfel's works, and to the Advisory Committee's Reports. 

The speed range of a machine can be roughly estimated from 
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the table; thus, if the wing section chosen gives values of Cl of 
0*097 3-* +o*5 degree incidence, and o«48i at 12 degrees inci- 
dence, and, further, if these extreme flying angles are aero- 
dynamically sufficiently ** safe," then for a wing area of 250 square 
feet and load of 1,000 pounds, the range of speeds (from the 
table) will be 40 to 90 miles per hour ; numerous other examples 
of the application of the table might be given. 

The maximum speed theoretically obtainable will depend upon 
whether for the chosen load, the horse-power corresponding to 
the included engine weight is sufficient to overcome the head 
resistance, after allowing for the propeller '* inefficiency "; this 
subject is further considered later on. 

THE APPLICATION OF THE RESULTS OF MODEL TESTS TO 
FULL-SIZED MACHINES. 

It is of great importance to know how far the results of wind- 
tunnel tests upon model aeroplane wings are applicable to the 
full-sized machine; the models are generally made from one- tenth 
to one-twentieth of the full size, and the wind-tunnel speeds have 
usually been considerably lower than the true flying speeds of 
the machines themselves. The wind-tunnel speeds vary from 
25 to 45 miles per hour (although the latest wind tunnels give 
higher speeds), whilst the full-sized machines have flying speeds 
varying from 45 to 125 miles per hour. 

In his earUer researched, Eiffel, with the Umited data at his 
disposal, found that the performances of actual machines could 
be fairly accurately predicted by increasing both the Hf t and the 
drift coefficients by 10 per cent. ; this correction being based upon 
the results of measurements of the normal pressure upon flat 
plates of different area, the normal pressure coefficients varying 
from o«576 in smaller planes to 0*640 for large planes. It should 
be here mentioned that the wind tunnel and the actual aeroplane 
speeds were not the same, the former being the slower. Eiffel's 
later experiments upon models of aeroplanes, when compared with 
the results worked out from readings of recording instruments 
placed upon aeroplanes exactly similar to the models, fl3ang in 
still air, showed that the hft and drift coefficients agreed within 
I per cent., when the speeds (15 to 17 metres per second) were 
about the same. 

The model was here tested at the same speed as the aeroplane 
readings were taken; other comparisons between scale and 
actual machines showed the same results. 

In the case of the Tatin and Nieuport machines, it was found 
that the Uft/drift ratio was greater than that of the model, owing, 
no doubt, to increase of speed in the former case. 
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Tests made at the N.P.L. indicate that the Uft coefficients of 
models may be applied without correction to the full-sized 
machine, but that the drift coefficients of the model may be 
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expected to be from 15 to 20 per cent, too great at the angle of 
maximum lift/drift, the difference being smaller at the other 
angles. 
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It has been demonstrated that the results of model tests may 

V • L 

be applied to full-sized machines, if the product is the same 

f 

in the two cases, where V is the velocity, L the length, and r is 

viscositv 

the ratio -^ ^^ (or the kinematic viscosity) for the fluid or 

density ^ ^' 

medium in which the model or full-sized machine is tested. If 

both are tested in air, then the product L • V should be the same 

for each case. , 

The results of N.P.L. inv^tigations upon the effects of model 
size and speed are shown in Fig. 9A, and the curves shown may 
be regarded as conversion factors from which the Uft/drift of the 
full-sized machine may be estimated from the model tests. 

The difference in the drift coefl&cients of scale and full-sized 
machines is probably due to the lower skin friction of the latter, 
for it is known that thje skin friction of surfaces both in air and 
water decreases with increase in area and speed. 

In applying corrections to model results for the full-sized 
machine, it must be remembered that insufficient experimental 
data has as yet been accumulated in this direction. 

WING-LOADING DATA. 

In current practice the wing loading expressed in pounds per 
square foot for biplanes is about 0-0005 V^, and for monoplanes 
is about 0*007 V^ where V is the maximum designed speed in feet 
per second. 

Light loadings correspond with large wing areas for a given 
load, and generally necessitate larger engine powers to fly at a 
given high speed, but give a larger margin of safety against 
excessive loadings due to manoeuvring, wind gusts, etc. 

In biplanes the loading varies from values as low as 2*6 up to 
the Umiting value of about yo pounds per square foot, the average 
value being about 4*5. 

For mpnoplanes the loading varies from 4*5 up to 9*0 for normal 
type machines, a good average figure being ^*^, 

The 191 3 Gordon-Bennett Deperdussin monoplane of 107 
square feet wing area, and 1,500 pounds weight, fitted with a 
160 h.p. engine, gave a wing loading of i4«o, and another machine, 
the 100 h.p. Ponnier, gave a wing loading of 12*75, the speeds 
attained in both cases being well over 100 miles per hour. These 
loadings, however, are quite exceptional for normal flight con- 
ditions in ordinary machines. 

For hydroplanes of the normal type, the average wing loading 
figure is about 4*8. 

Values of wing loading are given for various types of machine 
in Table^VI. 
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Table VI. — Typical Wing Loadings. 

MONOPLANES. 





Max, 


Min. 


Wing 


Total 


Wing 

Loading 

perSq.Ft, 

in Lbs, 


Type, 


Speed, 


Speed, 


Area in 


Load in 




M,P.H, 


M,P.H. 


Sq, Ft, 


Lbs, 


2-seater, 8o-h.p. Gnome 


70 


40 


252 


1,500 


5-90 


2-seater, 8o-h.p. Gnome 


72 




248 


1.388 


5*6o 


i-seater, 50-h.p. Gnome 
2-seater, loo-n.p. Mer- 


70 


— 


194 


927 


4*8o 












ceQes • . • • 


65 




407 


1,870 


4'6o 


2-seater, 50-h.p. Gnome 


58 


— 


236 


1,200 


5'io 


2-seater, 80-h.p. Gnome 


70 


50 


200 


1.887 


9.40 


I - seater, 60 - h.p. Le 












Rhone 


84 




156 


947 


6«io 


I -seater, 1 00-h.p. Gnome 


100 




86 

1 


1,100 


12-75 



biplanes. 



2-seater, 1 00-h.p. Mer- 
cecies • . • • 

I -seater, 80-h.p. Gnome 
2-seater, 80-h.p. Gnome 
2 - seater, 70 - h.p. Re- 
nault 
2-seater, 80-h.p. Gnome 
2-seater, 80-h.p. Gnome 
2-seater, loo-h.p. Mer- 
ceoes . . . . 

2-seater, 80-h.p. Gnome 
2-seater, 70-h.p. Re- 
nault 
I -seater, 80-h.p. Gnome 
2-seater, loo-h.p. Gnome 
2-seater, 50-h.p. Gnome 



70 

95 
65 

72 
62 
62 

68 
62 

65 

92 

100 

65 



40 

35 
35 

42 
40 

33 
40 



36 
45 



500 

235 
468 

360 

390 
420 

520 

378 

560 
244 
270 
270 



2,240 
1. 165 
1,800 

1,530 

1,930 
1,665 

2,200 
1,800 

1,980 

1,050 

1,200 

850 



4.48 

4-95 
3-85 

4-25 

4-85 
4»oo 

4-25 
4-75 

3-54 
4-30 

4*45 
3-14 



waterplanes. 



Tractor biplane, 2-sea- 
ter, 1 50-h.p. Sunbeam 

Tractor biplane, 2-sea- 
ter, 135-h.p. Salmson 

Tractor biplane, 2-sea- 
ter, i2o-h.p. Austro- 
Daimler 

Pusher biplane, 2-sea- 
ter, 80-h.p. Gnome . . 

Tractor biplane, 2-sea- 
ter, loo-h.p. Gnome 

Tractor biplane, 2-sea- 
ter, 1 00-h.p. Gnome 

Bat-boat, 2-seater, 2 00- 
h.p. Sunbeam 

Aero-boat, 2-seater, 60- 
h.p. Wright. . 



70 
75 

85 
60 

85 
80 

75 
60 



45 
45 

45 
60 

48 
38 



600 
464 

450 
460 
290 

350 
600 

430 



2,80Q 
2,200 

2,240 
2,000 
1,800 
2,190 
3,180 
1,800 



4»66 
4-74 

4*97 
4-35 

6»20 

6*26 
5'3o 

4'20 
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MONOPLANES AND BIPLANES. 

It will be seen from the foregoing considerations that the wing 
loading of monoplanes is generally higher than that of biplanes 
for the same performances ; both types can, however, be designed 
quite satisfactorily as regards strength and stabiUty, but each 
type of construction has its own peculiar advantages, which may 
be enumerated as follows : 

Monoplane. 

1. Possesses a lower head resistance due to the absence of 

separate struts, ties, etc., and thus higher speeds are 
capable of being attained upon this account; the most 
successful racing machines have hitherto been mono- 
planes. 

2. More easily controlled, and therefore require less physical 

exertion on the pilot's part; this is chiefly owing to the 
relatively smaller moments of inertia about axes of 
symmetry. 

3. More efficient than biplanes in effective lifting capacity, 

on account of absence of interference with the second 
plane (as in a biplane). 

4. Cannot be made in very large sizes, on account of the 

excessive wing weights, etc. ; the largest monoplanes in 
use have wing areas varying from 240 to 280 square feet, 
the usual sizes being from 150 to 200 square feet. 

5. Can be easily packed and transported. 

During 19 12, as a result of a number of accidents to monoplanes, 
a Government Committee instituted an inquiry into the causes 
of these accidents. 

In the Report issued it was made clear that the accidents were 
not due to any causes connected with this t3rpe of machine, and 
that the monoplane could be made just as strong as the biplane; 
the following are the chief conclusions of the Report : 

1. The accidents to monoplanes specially investigated were 

not due to causes dependent on the class of machine to 
which they occurred, nor to conditions singular to the 
monoplane as such. 

2. After considerations of general questions affecting the 

relative security of monoplanes and biplanes, the Com- 
mittee have found no reason to recommend the pro- 
hibition of the use of monoplanes, provided that certain 

♦ Vide Aeronautics (March, 19 13), " Report of the Government Com- 
mittee on Monoplane Accidents." 
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precautions are taken, some of which are applicable to 
both classes of aeroplane. 

3. The wings of aeroplanes can, and should, be so designed 

as to have sufficient strength to resist drift without 
external bracing. 

4. The main wires should not be brought to parts of the 

machine always Uable to be severely strained on landing. 

5. Main wires and warping wires should be so secured as to 

minimize the risk of damage in getting ofi the ground, 
and should be protected from accidental injury. 

6. Main wires and their attachments should be duplicated. 

The use of a tautness indicator to avoid overstraining 
the wires in " tuning up " is recommended. Quick 
release devices should be carefully considered and 
tested before their use is permitted. 

7. In view of the grave consequences which may follow 

fracture of any part of the engine, especially in the 
case of a rotary engine, means should be taken to secure 
that a slight damage to the engine will not wreck the 
machine. Structural parts, the breakage of which 
may involve total collapse of the machine, should, so 
far as possible, be kept clear of the engine. 

8. The fabric, more especially in highly loaded machines, 

should be more securely fastened to the ribs. Devices 
which will have the effect of preventing tears from 
spreading should be considered. Makers should be 
advised that the top surface alone should be capable of 
supporting the full load. 

9. The makers should be required to furnish satisfactory 

evidence as to the strength of construction, and the 
factor of safety allowed. In this, special attention 
should be paid to the manner in which the engine is 
secured to the frame. 

In further connection with the comparison of monoplanes and 
biplanes, it has been estimated that for planes of the same 
aspect ratio, span, section, and incidence, the monoplane has 
from 10 to 15 per cent, more lift at the same speed than the 
biplane, and it is generally considered that for machines of 
wing area below 250 square feet the monoplane is the more 
efficient. 

A higher landing chassis is required with a monoplane, in order 
to obtain sufficient propeller clearance, as compared with the 
biplane. 

As regards the weights of monoplane wings,* it is generally 
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recognized that the methods for bracing the wings are inferior 
from the point of view of strength to the deep girder system of 
the biplane, and therefore the wing spars are made stronger in 
themselves, and therefore heavier, in order to obtain the necessary 
safety factor. 

Biplanes. 

1. The wing areas can be made as large as desirable owing 

to the Ught girder construction of the biplane system; 
further, large spans and higher aspect ratios may be used. 
The wing areas vary from 250 square feet for Ught 
scouts, 300 to, 500 for weigh t-carrjdng biplanes, 500 to 
3,000 for hydroplanes, flying-boats, and large passenger- 
caning machines. 

2. Owing to the large areas available, the wing loading can 

be made as small as desired, the landing and rising 
speed can be reduced, and a small engine can be used 
if it is not desired to fly at fast speeds. 

3. The design of a biplane adapts itself much better for 

military purposes; thus it is easy to place the engine 
and propeller behind the pilot, to stagger the top plane 
forwards, and to leave a clear field of view or of gun- 
fire ahead. 

BIRD FUGHT DATA. 

Dr. Magnan, as the result of a systematic study of bird flight and 
measurements, gives the following empirical results for monoplane 
design (Compte Rendus, 1914) : 

If P = total loaded machine weight in grammes, 
S =area of body in square centimetres, 
/ = total length of bird in centimetres, 

/ =^>/P, and S=VP2. 



Then 



wing area in square ce ntimetr es _ 

weight of wings (in grammes) _ 

p ^97 > 

span of wings (in centinietres) _ 

Vp '3-3: 

chord of wing (in ce ntimetres) at centre __ ^ 

vjp - 2-36 ; 

length of tail (in centi metres) _ ^ 

Vp ' 

real length of body (in c entimetres) _ 

Vp ^■^- 
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The proportions for any monoplane can be worked out from 
these relations. 

Thus, if P =400 kilogrammes (for a fully loaded monoplane), we 
have: 

Area of wings = 1 2*6 square metres, chord = 1*74 metres, 
span =9*8 metres, weight of wings =78*8 kilogrammes, length of 
tail = 1*92 metres, length of machine =4*35 metres. 

These results correspond with a wing loading of 6*5 pounds 
per square foot. 

It should be mentioned in passing, that the design of the 
successful Ponnier racing monoplanes has been based upon these 
methods of application of Dr. Magnan's results. 

DISTRIBUTION OF WING LOADING. 

The previous remarks upon wing loading have been confined 
to the average values of the loading for the whole area of wing, 
and in estimations of this mean wing loading it is assumed that 
the Uft coefficient is constant over the whole area .of wing. 

Actually, the value of the Uft coefficient for an aerofoil of 
constant section varies along the span of the aerofoil. Thus 
the greatest Uft coefficient, and therefore wing loading, occurs at 
the central section, and faUs off towards the tips, and the value 
of the load per square foot at the centre section of the wing 
span may become more than twice that at, or near, the wing tips. 

The ratio of the loadings per unit area at the centre section 
of the span, and for the section near the wing tip, wiU depend upon 
the aspect ratio of the aerofoil and also its plan-form, being 
smaUer for the larger aspect ratio, and smaUer for rounded off 
and graded, or washed-out, wings towards the tips. 

Fig. 10 iUustrates an aerofoil tested by the N.P.L., with an aspect 
ratio of 6, and at a wind speed of 30 feet per second. The values 
of the pressures at different points over the wing were measured, 
and the results of these measurements are shown plotted in this 
figure for the case of the more important negative pressures, at 
points situated at a distance of 0*200 of the chord from the 
leading edge. The values of the pressure are about a maximum 
at the given angle of 4 degrees, and for the points situated at 
0'200 of chord from leading edge. The values of the pressures 
per square foot at any given speed V feet per second, for the 
fuU-sized wing, are obtained from the Absolute Coefficients 
given in the graphs, by multiplying the ordinate at any point 
along the span by 0*00238 V^; thus, if the ordinate, as measured 
off, be 0*424, then the pressure in pounds per square foot at 
60 miles per hour ( =88 f.s.) will be 0*00238 x 88^ x 0*424 = 7*72. 
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The values for the lift coefficients and lift/drift ratios for the 
sections designated by the letters A, B, C, D, and E are given in 
Fig. II. 

The data given in these curves will indicate the nature of the 
distribution of the wing loading along the span. In calculations 
of wing stresses, account should certainly be taken of the varia- 
tion of the loading along the span of the wing. 

The above results are directly applicable to the upper wings 
of most biplanes and the " parasol " tjrpe monoplanes, where 
the fuselage and its fittings does not interfere with the nature 
of the air-flow (and consequent pressure distribution) along the 
surfaces. 

The effect of fitting the body or fuselage at or near the centre 




SPAN 



Fig. 10. — ^Prbssure Distribution along an Aerofoil 

(Top Surface). 

of the wing, as in the case of the lower wings of most biplanes and 
in most monoplanes, is to interfere with the air-flow at and near 
the central section, and so reduce the efficiency of the whole 
wing. In some cases, however, the fuselage or body resistance is 
reduced by attaching the wings. The propeller will also depreciate 
from the wing efficiency if the sUp stream pass over the wing 
surface at the centre, on account of its helical motion. 

When it is remembered that a one-sixteenth scale model aerofoil 
showed a lift/drift of 24*0 at 4 degrees incidence at the mid- 
section, whereas the average Hft/drift for the whole wing, as 
measured directly, was about 15-0 for the same angle, it will be 
seen that the central portion of the aerofoil or wing is very 
important in contributing to the efficiency of the whole wing. 

The wing loading per unit area for any given section along the 
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direction of the line of flight also varies along the chord of wing; 
this will be apparent from the pressure distribution diagrams 
shown in Fig. 12 for Eiffel's Bleriot XIII.a. At sections near 
the centre of the span the point of greatest intensity of loading 
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Fig. II. — ^LoAD Variation along the Span of an Aerofoil. 




Fig. 12. — ^Diagram of Pressure Distribution 

over an Aerofoil. 

is near the leading edge and upon the top surface, usually situated 
between the leading edge and 0*3 of the chord from the leading 
edge. 

The greatest pressure (or suction) occurs at the large fljdng 
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angles of incidence, in ordinary flight conditions. The fabric 

upon the upper surface near the leading edge is under the greatest 

stress, and the worst stress that can occur is when there is a 

leakage of positive pressure from the under surface, in addition 

to the suction upon the top surface. It can be shown that ratio 

of the maximum to the mean pressure per unit area for the whole 

wing can be as high as io*o for normal flying conditions. 

The value of the maximum negative pressure or suction which is 

realized under normal flying conditions upon the upper surface 

near the leading edge — that is to say, between the leading edge 

and a point situated at 0*3 of the chord from the leading edge — 

lies between 20 and 30 pounds per square foot at small angles 

of incidence. As the angle of incidence increases, the ratio of 

the maximum to mean pressure decreases, as reference to Table 

VII. will show. 

Table VII. 

Ratio of Max. 
Angle of Incidence Pressure to 

(Degrees.) Mean Lift 

per Sq. Ft. 



o 

5 

7i 

10 

I2i 

15 
20 



lOKJO 
4«20 
2*90 
2*70 

2'95 
3'io 

I •20 

I '20 



For ordinary angles of incidence as used in practice this ratio 
is about 3 to I . 



LOADING OF UPPER AND LOWER SURFACES. 

In connection with the proportion of load carried by the upper 
and lower wing surfaces. Table VIII. gives the percentage of the 
total lift contributed to, by each surface for a tjrpe of wing 
section resembUng Eiffel's Bird Wing No. 9, although the 
results are generally appUcable to most aeroplane wing sections. 

Table VIII. — Loading of Upper and Lower Surfaces. 



Angle of Incidence. 


Upper Surface Load, 


Lower Surface Load. 




2 

4 

6 

8 

10 


92 per cent. 
82 

74 .. 
74 .. 
72 
69 „ 


8 per cent. 

18 
26 
26 
28 

31 
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From this table it will be seen that at small angles the upper 
surface carries about four-fifths of the load, and that even at 
large flying angles it carries two-thirds; it is general to design 
the wing of an aeroplane upon the assumption of the whole of the 
load being carried upon the upper surface. 

It follows from the preceding considerations that for design 
purposes it is necessary to take into account the variation of load 
distribution both along the span and along the chord. 

The method employable, in the absence of more definite data, 
is to assume a load variation or distribution along the span, some- 
what similar to that shown in Fig. ii, so that the mean loading 
of the whole wing will be the same as if a uniform load were 
assumed. 

CHOICE OF FLYING ANGLES. 

The choice of the normal and extreme flying angles of inci- 
dence depends greatly upon the purpose of the machine. Gener- 
ally speaking, a high-speed type of machine requires a totally 
different wing section and incidence to a low or moderate speed 
tjrpe. The actual wing sections of aeroplanes of to-day must 
therefore be a kind of compromise between fast and slow speed 
sections, in order to insure safe landing and " getting-off." 

Where the greatest maximum speed is the first and foremost 
consideration, a flat approximation to a streamline wing section, 
at a small angle of incidence, varying from o degree to 2 degrees, 
is necessary. Further, it is essential that the position of the 
centre of pressure for the fastest flying angle shall be quite 
stable, and with a margin of safety in case of unforeseen cir- 
cumstances causing a further decrease of angle of incidence. 

For slow ^ying a wing section, characterized by good upper 
and lower surface cambers, and comparatively large angles of 
incidence, are necessary; further, it is essential that the angle of 
incidence shall not be too near to the critical angle at which the 
Ult coefficient decreases and the drift increases, and that the 
centre of pressure has a stable position at the maximum inci- 
dence. An example of the wing section of a high-speed '* scout " 
type, and a moderately powered medium-speed machine, similar 
to those used for flying-school tuition purposes, are given in 
Fig. 13. For a good speed range the wing sections chosen should 
possess the following qualities : 

I. The centre of pressure for the range of flying angles used 
should have a stable position, and, further, the range 
of movement along the chord should be a minimum. 
The centre of pressure in a good wing section should 
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lie between 0*3 and 0*45 of the chord distant from 
the leading edge at all incidences used in flying, alight- 
ing, etc. 

2. The lift coefl&cient should continuously increase over a 

wide range of angles (from a negative or zero angle to 
15 degrees or so), and should then remain constant, 
and Anally decrease at a slow rate, without exhibiting 
a marked "critical angle"; the maximum safe lift 
coefficient should not be less than 0*65 , whilst the 
maximum drift coefl&cient should, preferably, not 
exceed o«ioo. 

3. At the small angles of incidence corresponding with the 

highest speeds, the drift coefl&cient should be a mini- 
mum; published data shows that a drift coefl&cient 
lying between o«oo5 and o«oio is attainable at angles 
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Medium Speed Biplane 

Fig. 13. — ^Examples of Fast and Slow-Flying 

Wing Sections. 

• between o degree and i'5 degrees incidence. A fur- 
ther requirement for maximum speed, for minimum 
expenditure of horse-power (for the wings alone), is 
that the hft coefl&cient at the minimum value of the 
drift coefl&cient should be sufficient for the wing area 
chosen to support the load at that speed. 

The subject of wing sections and resistances of various aero- 
nautical bodies is treated fully in the volume of this series en- 
titled " The Properties of Wing Sections and Resistance of 
Bodies." 

ASPECT RATIO CORRECTIONS. 

Models of aerofoils of the same chord and wing section (of 
approximately the Bleriot XI. bis section), but of diflferent spans, 
have been tested for Hft and drift by the N.P.L. 

The chords of the models were 4 inches, and the aspect ratios 
varied from 3 to 8. 

The general conclusions drawn from the results of these tests 
are as follows: 
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1. That the angles of zero hit occur earlier as the aspect 

ratio becomes smaller. 

2. That at the angles of maximum lift/drift the lift coeffi- 

cients are only slightly affected by change of aspect ratio. 

3. That the maximum lift coefficient is unaltered by change 

of aspect ratio, but occurs at larger angles of incidence 
with smaller aspect ratios. 

4. That the most important effect of aspect ratio is in 

connection with the values of the maximum hft/drift 
ratios obtained, as shown in Table IX. It will be seen 
that the lift/drift ratio increases rapidly, with the aspect 
ratio; this effect is due almost entirely to the reduction 
in total drift which occurs with larger aspect ratios. 

Table IX. — Effect of Aspect Ratio upon Maximum 

Lift/Drift Values. 



Aspect Ratio. 


Maximum 
Lift/Drift Ratio. 


Angle of 
Incidence. 

5-5 


Lift 
Coefficient. 


3 


IO«I 


0-305 


4 


"•5 


4-7 


0*310 


5 


I2'9 


4-7 


0»3I2 


6 


i4»o 


4-5 


0-314 


7 


I5-I 


4-7 


0-315 


8 


15-5 


5-7 (?) 


^^^^m 



From the results of aspect ratio tests upon model sections, 
the correction curves given in Fig. 14 have been drawn. The 
upper curve gives the percentage increase in the lift coefficients 
for different aspect ratios, taking the aspect ratio of 3 as the basis 
of comparison; similarly the lower curve gives the percentage 
reduction in the drift coefficients for different aspect ratios. 

Thus, if it is required to know the percentage increase in the 
fift/drift in changing from an aspect ratio of 4 to one of 6, then 
^rom the curve 

^ ^. I Lift Coefficient = iico 
at aspect ratio 4 '. ^ .^^ 

^ ^ (Drift „ = 95-5 

at aspect ratio 6 {^J^^ - I'J^;^ 

Hence increase in lift drift from aspect ratio 4 to aspect 

ratio 6 = 'y^'±yr "o) = L^l'S ^ „8 
100- (95-5 -87) 91-5 

That is, the lift drift is increased by i8'5 per cent. 

The above curve applies to all wing sections resembUng the 

Bleriot XI. bis type, and for all angles between 4 degrees and 14 
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degrees, there being no correction for the zero angle, and low 
lift and drift angles. 

Evidently aspect ratio corrections will depend upon the effi- 
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ciency of the wing section, being greater as the efficiency in- 
creases; also upon the plan-form, being greater for tapered, 
graded, and washed-out wings. 
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EFFECT OF BIPLANE SPACING. 

The results of wind-channel tests upon exactly similar aerofoils 
arranged as in a biplane, but with the line joining their leading 
edges always at right angles to the chords, shows that there is 
a disadvantageous interference between the air flows caused by 
the gap between the planes, unless the gap is at least two and a 
half times the chord. 

With gaps of less than this proportion there is a steady reduc- 
tion in the lift coefficient as the gap becomes smaller, the drift 
coefficients being only shghtly affected. 

In most aeroplanes the gap is, for constructional reasons, 
made equal to the chord, and tests by the N.P.L. show that for 
angles of incidence of 4 degrees and above, the lift coefficient of 
the biplane arrangement is only 80 per cent, of that of a mono- 
plane, the lift/drift ratios being reduced in the same proportion 
for small angles of incidence, and in greater proportions for larger 
angles of incidence. 

The figures given in Table X. enable corrections to be made 
to the hft coefficients and lift/drift ratios of single aerofoils for 
different biplane spacings, and is based upon the results of N.P.L. 
tests. 

Table X. — Corrections for Biplane Spacing.* 



Ratio 


Lift Coefficient, 


Lift/Drift. 


GaplChord. 


6». 


8°. 


10°. 


6°. 


■ 8°. 


10°. 


o»4 . . 
0-8 .. 

I'O . . 
I'2 . . 
1-6 .. 


o«6i 
0*76 
o»8i 
0'86 
0*89 


o«62 

0.77 

0'82 ' 

o«86 
0'89 


0*63 
078 
0*82 
0*87 
0*90 


0-75 
o»79 

o«8i 

0-84 

o«88 


o«8i 
o«82 
0*84 
©•85 
0*89 


0-84 
o»86 
0-87 
o*88 
o»9i 



The best arrangement of biplane spacing is largely a matter for 
practical consideration, for although both the hft and the efficiency 
increase as the gap is increased, yet the increase in the weight and 
resistance of the extra length of struts and cables generally 
counterbalances these gains after a spacing of gap equal to the 
chord is reached. 



* Single aerofoil coefficients are multiplied by the numbers given 
for biplane spacing coefficients. 
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EFFECT OF STAGGERING. 

The effect of staggering the top plane forward is to improve 
the lift coefficient and the hft/drift ratio. When the top plane 
is staggered forwards through a distance equal to about two- 
fifths of the chord, the lift and lift/drift are both increased by 
about 5 per cent. This improvement is equivalent to that which 
would accrue if the biplane spacing were increased from i«o to 
I '25 of the chord. 

If the top plane be staggered backwards the lift and the 
lift/drift are reduced, but not by so much as these quantities are 
increased in staggering the top plane forwards. 

If the requirements of design necessitate a backward stagger 
of the top plane, it can be assumed that the lift and lift/drift will 
only be sUghtly affected for moderate degrees of stagger. 

It is generally advantageous to stagger forwards for practical 
reasons connected with the range of vision of the occupants, 
and also because of the somewhat reduced resistance of the 
obliquely set struts, although the strengths of inclined struts 
under vertical load are smaller. 

EFFECT OF DIHEDRAL ANGLE. 

The employment of a dihedral angle between the wings for 
stabilizing purposes for the moderate angles employed in present- 
day practice — ^that is, up to 6 degrees — ^has no detrimental effect 
upon the lift or hft/drift. 

Experiments made with wings in which both positive and 
negative dihedral angles were given, up to about 7 degrees, have 
shown that no appreciable difference in either the Uft or lift/drift 
occurs. 

It should be mentioned that by a dihedral angle of 7 degrees 
is meant a total angle between the wings of 180 degrees minus 14 
degrees = 166 degrees for the upward dihedral, and 180 degrees 
plus 14 degrees = 194 degrees for the downward dihedral. 



CHAPTER IV 

THE CHARACTERISTIC CURVES OF 
AEROPLANE PERFORMANCES 

The wing section is generally chosen to suit the wing loading, 
speed range, and type of machine. 

The wing section having been decided upon, the wing area for 
the given speed range and load can be obtained from a know- 
ledge of the hft coefficients at different angles of incidence of the 
section selected, either by direct calculation or more readily by 
making use of the values given in Table V. and the graphs in 
Fig. 9. 

The engine power must also be sufficient to overcome the total 
resistance of the whole machine at the two extremes of the speed 
range, and its total weight with fuel must not cause the total load 
to exceed the load assumed for the calculated wing area. This, 
as previously mentioned, is often a case of trial and error in 
selecting engine types for a given speed range. 

WING RESISTANCE CURVES. 

Knowing the Uft coefficients required for the load to be sup- 
ported at the given speeds, the corresponding values of the drift 
coefficients at these speeds are known from the lift and drift 
curves for the wing section chosen, and the total wing resistance 
at the same speeds can be estimated. 

Thus, if Cl be the lift coefficient required to support the load W 
pounds at the given velocity V (in EngUsh units) at an angle of 
incidence B degrees and with a wing area A square feet, 

then W=Cl-^-A-V2. 

i 

If the lift/drift ratio =w for the incidence 6 degrees, 

then Cd= — where CD=the absolute drift coefficient. 
n 
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Then the total wing resistance R, in pounds, at the given 
speed V f.s. is given by 

R=Cd-^-A-V'! 

i 

Cl I 



n 424 



A-V2 



p I 
since " = -- . 

g 424 

This expression assumes that the resistance of a cambered 
wing varies as the square of the velocity. This is very nearly 
true for all the normal fl5dng speeds of present practice, but for 




^5 55 55" C0 65 

Speed in miles per hour. 
Fig. 15. — Curves of Performance for Monoplane. 

very high .velocities the resistance may vary as ( V)» where n is an 
index greater than 2. 

Values of R can similarly be calculated for all corresponding 
values of Cl and V over the whole range of flying angles of inci- 
dence chosen. 

The wing resistance at various speeds having been calculated, 
the curve of wing resistance can be plotted. The general shape 
of this curve is indicated in Fig. 15, which represents to scale 
typical monoplane wing resistance and other curves. 
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BODY RESISTANCE CURVES. 

Before the horse-power required to propel the machine at the 
given speeds can be calculated, it is necessary to know the re- 




H 

d 
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sistance] of ^ the] other parts of the machine exclusive of the 
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For a fairly accurate estimation it is necessary to calculate the 
separate resistance of each part of the machine at some given 
speed. 

The experimental data given in another book of this series, 
entitled '* Properties of Wing Sections and Resistance of Bodies," 
enables the resistance of the important parts of an aeroplane to be 
computed accurately. 

Having found the component resistances at some given speed, 
the resistance of the whole t* body " can be obtained by sum- 
mation, and as the body resistance follows a law of variation 
very nearly proportional to V^ a curve of body resistance with 
speed can be drawn. 

The total resistance of the aeroplane at any speed V is then 
the sum of the wing and body resistances. A new curve of 
" total resistance " can then be plotted by adding the two 
ordinates of the wing and body resistance curves at each 
speed. 

As an illustration of the method of calculating the total body 
resistance, values of the component resistances of a monoplane 
body, chassis, wires, etc., for an actual machine of the Bleriot 
type are given in Table XI., and for a biplane of the B.E. 2 type 
in Table XII. 

Curves of ** body resistance " and " total resistance " are 
given in Fig. 15 for a similar monoplane, and in Fig. 16 for a 
biplane similar to the B.E.2 considered in Table XII. 



Table XI. — Resistances for Bleriot Type Monoplane. 



No. 


Particulars of Parts. 


Resistance in 

Lbs. at 60 

M.P,H. 


I 

2 

3 
4 
5 

6 


Fuselage 20 feet by 2*2 feet square, with ex- 
posed area of engine and pilot included 

Bleriot undercarriage, complete with struts, 
forks, wheels, shock-absorbers, etc. . . 

Pylons and cabane (or masts) . . 

100 feet of 5 mm. cable . . 

Rudder and elevator control levers and tail 

OA-lv& •• •• •• •• •• •• 

Skin resistance of control surfaces 

Total 


41-50 

37-54 

5-92 

i6«8o 

i»oo 

2«00 




104*76 



Note. — Resistance of above at 100 M.P.H. would be 290 pounds. 
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Table XII. — Resistances for B.E. 


2 Biplane. 






Equiv. 
Normal 
Area in 
Sq. Ft. 


Valu^ of 
Section 


Resistance 


No. 


Part. 


per Bent 


in Lbs. at 






of Normal 
Plane. 


60 M.P.H. 


I 


Struts : 










Eight 6'xir .. 
Four4'xiJ* .. .. 


, 5-00 


i6«5 


4-2 




170 


i6«5 


1-4 




Sixa'xii" 


1*90 


i6«5 


1-6 


2 


Wiring : 










220 feet cable 


3.20 


83-0 


29-5 




70 feet high-tension wire 










diameter=i2 S.W.G. . . 


o*6o 


75-0 


5-6 




52 strainers 


0*36 


75'0 


3.0 


3 


Two wheels, 26" diameter . . 


1*50 


33-0 


3'5 


4 


Two skids 


0*20 


50'0 


i*o 


5 


Axle, 5' XI J* 


0*63 


65*0 


2'0 


6 


Engine and propeller boss , '. 


2»00 


67*0 1 




7 


Fuselage 


5-40 


lO'O > 


40*0 


8 


Expos^ pilot and passenger 
Rudder, 12 square leet 


0*50 


48.0 j 




9 





Skin 


^•5 




• 




friction 




lO 


Elevator, 25 square feet . . 


— r. 


Ditto 


1-5 


II 


dKlQ •• •• .. ., 


0-25 


20 


0-5 


12 


Wing-skids, plates, silencer, 








• 


Total resistance . . 


• • 


• • 


lO'O 


1 


104-3 



Note. — This biplane has a wing area of 374 sq. ft., an overall length 
of 29-5 ft., weight of 1,650 lbs. fully loaded, and fitted with a 70-h.p. 
Renault engine with Tractor propeller. This machine had a speed 
range of from 39-5 to 73 M.P.H., a climbing rate of about 430 ft. per 
min., and a gliding angle of i in 75. 

It will be noticed that the method of obtaining the " body 
resistance *' by the process of analysis and summation, is the 
same as that employed in the estimation of the total load. Simi- 
larly, the position of the centre of resistance may be found, as in 
the case of the centre of gravity. 

The body resistance can also be obtained from resistance tests 
in a wind channel of a model of the complete machine, either 
by making an allowance for the resistance of the wings from the 
known wing drift-coefficients and their area, or by supporting 
the wings separately from the body, but very close to same, and 
measuring the resistance of the body alone. This method, if it 
can be employed, is more accurate, as the mutual interference 
of the air flows for the body and wings is allowed for. 

The value of the ** body resistance " of the full-sized machine 
can be independently obtained by subtracting the estimated 
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resistance of the wings from the estimated or measured propeller 
thrust at the given speed. This method is usually the more 
accurate one, for it has been found, from the performances of 
actual machines, that the estimated " body resistance " is usually 
higher than the observed, even after due allowance has been 
made for the increased resistance due to the slip stream of the 
propeller, which may be taken as being at about 25 to 30 per cent, 
greater velocity. 

In calculating the wing resistance of a biplane, due allowance 
must be made for the following factors : 

1. The interference between the two wings due to " biplane 

spacing " effect. 

2. The stagger of the planes. 

3. Aspect ratio of full-sized wings and models. 

4. Interference between fuselage, or cabane, or any other 

near objects, and the wings, for in most biplanes the 
fuselage occupies the centre of the lower wing, and 
destroys the continuity of the air flow at the most 
efficient portion. This is a problem which can only be 
solved by wind tunnel experiment. 

5. Scaling-up error from the model to the full-sized machine, 

if the wing and body characteristics are taken from 
model test results. 

6. Propeller draught and body resistance. The relative 

velocity of the air to the fuselage or body is increased 
by as much as 30 per cent, by the propeller slip stream. 

Items 3, 4, 5, and 6 are also applicable to monoplanes. 

The total resistance of a machine can be obtained, as previously 
mentioned, by testing a complete model of the machine in a wind 
channel, if the scale and speed corrections be known. 

The larger the model and the nearer the wind-channel velocity 
to the full-sized velocity, the more accurate will the results be. 

It is also essential that the relative roughnesses of the surfaces 
be proportional, or known, in order that the measured drift 
values be comparative. 

HORSE-POWER CURVES. 

From the total resistance curve the values of the h.p. required 
to overcome the total resistance at the various speeds can be 

estimated by the relation — 

R • V 
H.P. required = 



550' 

where R= total resistance in pounds at the velocity V feet per 
second. 
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The Table of values for - at the end of the book* will be 

550 

found useful for this purpose. 

The *' horse-power required " curve can then be drawn. 
From a knowledge of the power output of the chosen engine and 
of the propeller efficiency, the available '* horse-power " curve 
can be plotted. The available h.p. is not easy to obtain with 
a very near degree of accuracy, since the brake horse power of 
the engine under flight conditions, and the propeller efl&ciency 
at different engine revolutions and air-speeds, cannot be readily 
and accurately obtained. 

If the efficiency of the propeller be represented by E, and the 
b.h.p. at the engine speed for which E is known be denoted by 
the letters b.h.p., 

then available h.p. =E x b.h.p. 
The efficiency E of an air propeller varies from 60 per cent, to 
80 per cent. The average value for a well-designed propeller may 
be taken at from 70 per cent, to 75 per cent. 

The h.p. available curve can be approximately estimated; 
an example is shown in Figs. 15 and 16. The curves of h.p. re- 
quired and h.p. available are only strictly true at one altitude, 
the effect of an increase in altitude being twofold — namely, to 
decrease the available h.p. and to increase the h.p. required, due 
to the effect of the air-density decrease causing a decrease in the 
lift of the wings, and therefore requiring an increased speed. 

A difference in height of 10,000 feet will cause a difference of 
about 25 per cent, in the engine power. 

It will be seen from the curves Figs. 15 and 16 that the "h.p. 
required " and the h.p. available curves cut in points A and B. 
The abscissae of these points fix the minimum and maximum 
speeds of the machines respectively. In the case of the biplane 
these are 42*5 and 70 miles per hour respectively. 

RATE OF CLIMBING. 

The vertical ordinates intercepted between the two h.p. curves 
represent the available h.p. for climbing and manoeuvring. 

In Fig. 16, the maximum available or surplus h.p. is 21, and 
occurs at 50 miles per hour. 

The maximum rate of climbing is then obtained from the rela- 
tion — 

-- ,. J. . . X \ H.P. X 33,000 
Vr (m feet per minute) = ^^^ 

where H.P. is the greatest intercept between the h.p. required 
and h.p. available curves (expressed in horse-power), and W = 

* Table A, Appendix II. 
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weight in pounds of fully loaded machine. In the biplane' 
considered, W = 1,500 pounds, and the climbing rate is therefore 
450 feet per minute. 

The rate of climbing is an important factor in aeroplane design. 
Certain types of machine require high climbing rates, whilst 
with other t3^es it is a secondary factor. 

The climbing rates attained in aeroplane practice vary from 
300 feet per minute to as much as 1,200 feet per minute, a good 
value for a well-designed machine ol moderate h.p. and speed 
being 400 to 500 feet per minute. Some values for the cUmbing 
rates measured in the case of the machines entered for the MiUtary 
Competition of 191 2 are given in Table XIII., together with 
values for the later R.A.F. machines; the rate of climb for the 
scout type of these latter machines is well defined. 

Table XIII. — Climbing Speeds of Aeroplanes. 







Percentage of 


Type of Machine. 


Rate of Climb in 
Feet per Minute. 


Total H.P. 

employed in 

Climbing. 


Hanriot I. . . 


365 


26*5 


Hanriot II. 


333 


24*0 


Bleriot tandem 


250 


I7«7 


Bleriot sociable 


236 


i6-6 


Avro 


105 


8-6 


Bristol Monoplane. . 


200 


14-9 


Deperdussin 


267 


20«6 


Maurice Farman . . 


207 


16-8 


B.E. Improved, 1913 


400-450 


40«o* 


R.A.F. Scout, B.S. I 


900 
(at 65 M.P.H.) 


50«o* 


R.A.F. Reconnaissance Type, 






XV«JC#« X •• •• •• •• 


600 


40*0* 


R.A.F. Fighting Type, F.E. 3 . . 


350 


40*0* 



The lowest point of the curve of h.p. required gives the most 
economical speed of the machine, which in the case of the 
example illustrated is 44 miles per hour. 

The effect of running the engine at full power, when an aero- 
plane is fl3ang horizontally and at a given incidence, is to cause the 
machine to climb at such a rate that the surplus h.p. is absorbed. 
Thus if Hq =h.p. required for horizontal flight at V feet per 

second, 
W = weight of machine in pounds, 

B = angle of slope or climb, 

V • W sin d 
then b.h.p. at propeller at full throttle =HoH — 
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* ^ alnes assumed from characteristic curves. 
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3o that the cUmbing angle 6 is governed by the power output of 
the engine. This angle may be varied, however, by introducing 
an artificial wind resistance, so as to vary Hq. 

THE GLIDING ANGLE. 

From the curves given in Figs. 15 and 16 the gliding angles 
at the different speeds can be readily obtained and plotted. For if 
R be the total resistance in pounds at a given speed V, and W is 
the weight of the machine in fl)dng order, then the gliding angle at 

the speed V is given by sin a =ttt, where a is the angle made by 

the direction of the " glide " with the horizontal. In other 
words, when the machine is gUding freely, and with the engine 
stopped, the gravity component W sin a in the direction of 
flight must be equal to the head resistance. 

Hence the curve of '* total resistance " is also a curve of corre- 
sponding gliding angles to a different scale — that is, the ordinates, 
divided by W, give the sines of the gliding angles. 

A gliding angle of sin-* ^ is usually expressed as i in 6 — ^that is 

to say, the machine will drop i foot vertically for every 6 feetglided. 

It will be seen that the flattest gUding angle occurs at the 
speed where the total resistance ordinate is a minimum. This 
angle is often termed the " gliding angle par excellence." The 
smaller this latter angle, the greater is the available area for land- 
ing from a given height, should engine failure occur — a desirable 
attribute in modem aeroplanes. The real gliding angles attained 
in practice vary from about i in 5 to i in 8 in the best examples. 

Table XIV. gives the measured gUding angles of the aeroplanes 
entered for the MiUtary Competition in 191 2, and for the improved 
B.E. machines. 



Table XIV. — Gliding Angles . 


A.ND Speeds 


). 


Gliding 


Gliding 
Speed, 


Gliding 


Type of Machine. \ nl*lL''- 


Resistance 




n. 


M.P.H. 


= „ Lbs, 


Hanriot . . 


6-6 


61 


291 


Hanriot . . 






5*9 


68 


332 


Bleriot tandem . . 






5-6 




267 


Bleriot sociable . . 






5-3 


52 


280 


Avro 






6-5 




270 


Bristol Mon. 






6-5 


64 


284 


Deperdussin 






6»2 




328 


Maurice Farman 






6-b 


38 


284 


Cody 






6*2 


60 


432 


B.E. (improved) biplane 


», 1913 


7*4 


50 


224 
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The gliding angles attained in practice are generally greater 
than the theoretical, on account of the propeller effect in increas- 
ing the total resistance during gliding and wind effects. 

With a favourable up-wind small gliding angles up to i in 9 
can be obtained for short periods. The above considerations refer, 
of course, to calm air conditions. 



CHAPTER V 

THE STRESSES IN AEROPLANES 

The average loading per foot run of the span can be ascer- 
tained by the foregoing methods ; but before the actual load in 
at any part of wing can be found, it is necessary to know two 
things : 

1. The distribution of wing loading along the span of the 

wings, assumed concentrated along the line of centres 
of pressure, say, and 

2. The distribution of the average load for any given wing 

section over the section. 

Factor (i) can only be obtained by measurements of the actual 
pressures existing under the worst conditions of flight and inci- 
dence, by wind channel, or full-size model experiments. 

Alternatively a load distribution has to be assumed which will 
give the same average loading for the whole machine. This 
method is set forth in the example considered in the proceeding 
pages. 

Factor (2) can be obtained from a knowledge of the pressure 
distribution over the two surfaces of the wing section at different 
incidences, an example of which is given on page 36. 

The average load over the whole wing section (assumed con- 
stant per unit of span) must equal the sum of the distributed 
loads over the section. The proportion of the load carried by 
each spar (in a two spar wing) can then be obtained. 

An example of the method of finding the load borne by each 
spar is given herewith for the case of a monoplane of total loaded 
weight = 800 pounds, and effective wing area = 175 square feet. 
The wing section selected is Eiffel No. XIII. bis (or Bleriot No. 11 
bis) [see Fig. 1 2] . The position of the C.P. at the best flying angle (of 
maximum lift.'drift) — namely, at 6 degrees incidence — is 032 of the 
chord from the leading edge. For large incidences the C.P. travels 
forward, and for smaller incidences backwards. At the highest 
speed position of 2 degrees incidence, the C.P. is 0*4 of chord 
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from the leading edge, and at the largest incidence of 12 degrees 
it IS 0'29. The position of the two wing spars is shown in 
^ig- 17 — namely, at o»i6 and 0'66 of chord from leading edge. 
[In the case of a single spar machine (or control surface) the 
spar is generally placed at one-third of the chord from the lead- 
ing edge, this being the best average position.] 

The proportions of the average wing load w pounds per foot 



(0 Ahgle dt Inci 




(2) Ai\gle of Incidence 



>2-8/bs 



Fig. 17. — Diagram showing the Effect of the Travel of 
THE Centre of Pressure upon the Wing Spar Loading. 



span carried by the two spars for the extreme cases are given 
in the lower dragrams of the same figure. It is important to take 
into account the effect of the travel of the C. P. (due to change in 
distribution of the loading) upon the loads carried by the front 
and rear spars respectively, and to take the most unfavourable 
loadings in stress calculations. 
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FACTORS OF SAFETY. 

The working stresses are generally calculated for the case 
of the aeroplane flying horizontally in still air, the normal 
"load " in this case being equal to the weight. The usual method 
hitherto adopted has been to choose a " factor of safety '* of, say, 
6 upon the normal loading stresses to allow for abnormal stresses; 
it will be shown that this factor of safety is inadeqiTate, and mis- 
leading. 

The normal loading of a machine may be increased to rjany 
times its value under different conditions of flight. Thus the effects 
of banking, diving, and flattening-out, sudden or irregular gusts, 
etc., all impose higher loadings upon the machine. 

The following figures, based upon careful estimates of the 
loadings under the stated conditions, show the ratios of the 
loadings under the given conditions to the normal loading upon 
the planes : 

For banking, i«5; for wind gusts, 4 to 5; for flattening-out 
after a steep dive, 5 to 7. 

For any combination of these conditions, the values given must 
be multiphed together. Thus for a sudden unfavourable wind gust, 
whilst banking, the value would be 1*5 x 4*5 =6*7. 

The figures given for flattening-out after a steep dive repre- 
sent an extreme case, which would not be reaUzed by a careful 
pilot. The maximum abnormal loadings in practice could hardly 
exceed about five times the normal. Under these conditions the 
dimensions of the members subjected to stresses due to these load- 
ings should be such that there is still a margin of safety in the 
material itself. 

It is advisable to allow an initial factor of safety of about 5, 
to allow for the maximum abnormal loading, and a second factor 
of safety of between 2 and 3 to allow for material strength; 
the overall factor of safety will then lie between 5 x 2 =10 and 

5x3 = 15. 
The Government at present accept aeroplanes with overall 

factors of safety not lower than 6, but state that future machines 

accepted will require factors of safety of double this figure — that 

is, 12. 

In considerations of factors of safety, the nature of the loading 

should be taken into account. Thus if the load is a steady or 

'* dead " load, the factor of safety for the material may be as low 

as 2. For Uve loads, which come on frequently and vary in value, 

the factors of safety require to be much higher — ^say , from 3 to 6— in 
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aeroplane work. As an example, from engineering practice, 
may be mentioned the three following cases for steel structures : 

(a) Steady load, F.S. =4. 

(b) Load varying from zero value to a maximum, frequently, 

F.S. =7. 

(c) Load varying from a negative maximum, through zero, 

to a positive maximum, F.S. = 13. 

The question of lightness of construction is always more or 
less bound up with that of the margin of safety, and the modern 
tendency is to adopt larger safety factors at the expense of the 
weight carrjdng capacity, although the increased general efl&ci- 
ency of the machines favours this procedure. 

The greatest stresses in practice are usually associated with 
the wing spars. In all cases the effects of the aileron or warp 
loading, treated as a frequently occurring load varying from zero 
to a maximum, should be allowed for. 

As an acceptance or check test for contract aeroplanes, it 
is the usual practice of the purchasers to select at random one 
machine in every eight or twelve, and to support this machine 
upside down upon trestles, and to load the under-cambered 
surfaces of the wings with shot or sand in bags until they break 
down. If W^ be the total breaking load upon the wings, and 2W 
the weight of the wings, and if W is the total loaded weight of 
the machine in flight, then the overall factor of safety is given 
by- 

Overall F.S. = 



W 2W' 



In connection with this method of testing the machine to 
destruction, it is advisable to introduce, artificially, a loading 
equivalent to the " drift load "; and, further, to load the planes 
along the span, and along the chord in accordance with the 
accepted lift distribution or pressure distribution curves for the 
wing aspect ratio and section. 

In many cases it is usual to subject the machines to a sand^ 
bag test, representing an abnormal loading of between four and 
five times the normal, before proceeding to fly the machine. 

BENDING MOMENTS AND SHEARING FORCES ON WING 
RIBS. 

From a knowledge of the principles of graphical statics, dealt 
with in another chapter, the B. M. and S. F. diagrams may be 
constructed for any of the wing ribs. 

The load distribution along the span being known (or assumed). 




'4 
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the total load carried by any given wing rib can be ascertained. 
If the rib spacing be denoted by n feet, and w be the load intensity 
per foot along wing span, n'w will be the total load per rib, and 
this in turn must equal the total distributed load over the rib 
section at the angle of incidence considered. 

The distribution of load over the chord is obtained, as previously 
indicated, from the pressure distribution curves of the wing 
section, by adding together the upper surface suction and the 
under surface pressure ordinates. The most unfavourable con- 
ditions of incidence and velocity should be taken under normal 
conditions, the abnormal conditions being considered in the 
factor of safety allowed. As a rule it is advisable to draw the 
rib-loading diagrams for the extreme and normal incidences. 

An example of the wing loading B. M. and S. F. diagrams is 
given in Fig. 18 for the case of an aerofoil rib similar in general 
features to that shown in Fig. 17 for an incidence of 12 degrees, 
the worst case. The greatest B. M. occurs at a point o«i6 of the 
chord, or where the front spar is, from the leading edge, and the 
greatest S. F. is also at the same place. 

The height of the rib at the point of maximum B. M. being 
fixed by the wing section, the shape and area of the flanges must 
be proportioned to give the requisite strength with the given 
factor of safety. 

The proportions of the flanges and webs can be obtained as 
follows : 

Draw the B. M. and S. F. diagrams for the most heavily loaded 
portion of the wing span (usually near the centre of machine) 
under the worst normal conditions of speed and incidence. 
From the B. M. diagram obtain the value of the B. M. at any place 
in pounds, inches. Call this M pounds-inches. 

Then I =^, 

JC 

where I is the required moment of inertia in (inches)*, y the 
distance of the outermost fibre of the rib section from the neutral 
axis of bending, in inches, and fc the permissible working stress 
in pounds per square inch, to cover abnormal loading conditions 
and material strength. It is usual to assume that the flanges 
of rib take all of the bending moment, whilst the web resists 
the shear. For I sections, if A^ and A2 be the respective areas 
of the upper and lower flanges, d^ and d^ their respective distances 
from the neutral axis, and fc and ft the working compressive 
and tensile stresses, then 

/c • Aj • cfi =/< • A2 • («2- 



6o THE DESIGN OF AEROPLANES 

For example, fc for ash is about 8,500 pounds per square inch, 
whilst /< is about 12,000 pounds per square inch. 

If the centres of area of the upper and lower flanges be at 
equal distances from the neutral axis, then the areas of the upper 
and lower flanges will be as 12,000 : 8,500 — that is, as i'4i : i — for 
equal strengths ; conditions of reversal of the loading must also 
be considered. 

The total area of section must give the requisite moment of 
inertia to resist the maximum B. M. with the given margin of 
safety. 

SHEARING FORCE ON RIBS. 

Where the web of rib is thin compared with the flanges the 
whole of shear may be supposed to be taken by it. Actually the 
intensity of the shearing force varies as a function of the distance 
from the neutral axis, but for all practical purposes may be 
assumed uniform over the whole web section. If <i= depth of 
web in inches at place of maximum S. F. denoted by Smax., / = it8 
width or thickness in inches, and /« the permissible working 
shear stress, then 

S max. =7s ' d ' t 

This relation fixes the web proportions, or, rather, the web 
thickness, since the wing section fixes the depth d; but it will 
usually be found that other practical considerations fix the 
actual proportions, which, if tested for strength, will be found to 
be considerably stronger than is necessary for the best economy 
of weight and material. 

STRESS IN WING SPARS. 

The area of the wings will be fixed by considerations of per- 
missible loading and weight. 

If W be total weight of machine loaded in pounds, and w the 
wing loading per square foot in pounds, 

W 
then area of wings A = - square foot. 

The proportions of span to chord are fixed by considerations 
of wing weight, efficiency, convenience, etc. Let the aspect 
ratio be denoted by n, 

then the chord C = A / — = A /- feet, 

V nw V n 

/wW / 
and the Span S = \^/ = w «A feet. 
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In a biplane, if the lower wing be of shorter span than the upper 

J -r upper wing span 

wing, and if ;tr == =-*^c . '^ ^ — , 

^ lower wing span 



then lower wing span = — — a/ n • A feet, 

and upper wing span = —^^ \/w • A feet. 

In the case of a lifting tail or float section, the proportion and 
loading of this tail will determine the fraction of the total weight 
borne by it, and the remainder must be regarded as the value 
of W given above. 

STRESSES IN MONOPLANE WING SPARS. 

The average wing loading per foot run of span being known, 
it is necessary to fix the distribution of the load. 

For approximate calculations for wings of aspect ratio = 6, 
if one of the wings be divided into four equal parts, and if the 
average loading over the inner section (Fig. 19) be taken as 100, 
then the proportionate loadings of the other sections for normal 
flight conditions will be as shown. 

The case for three equal divisions is also shown in the same 
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Fig. 19. — Diagram of Load Distribution along the 
Span of an Aeroplane Wing. 

diagram. For exact purposes, however, it is necessary to know 
the variation of the Uft coefficient along the span. 

The effect of warping and of wind gusts upon the outermost 
sections must be taken into account. Thus in warping the angle 
of incidence may be increased to three times its normal value, 
and the loading of the portion of wing warped will be increased 
in the same proportion. Similarly with wing ailerons the loading 
near the wing tips will be increased. 

In the first example considered in Fig. 19, if the outer one 
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quarter be warped (evenly) from an incidence of 3 degrees 
to 9 degrees, the loading will become, approximately, 
3 xo'65w = i'g5w pounds per square foot nearly, where w is the 
loading of inner section. 

As the use of the warp or aileron during flight is frequent, 
it is better to include the effect of these in the normal loading 
stresses, and not in the factor of safety. 

It is usual to express the loading per foot run at any part of 
the span in terms of the mean loading. Thus, if the wing span 
for a monoplane of the parasol type be divided into eight equal 
parts, and if Win= the average loading per foot run, say, then the 
loadings per foot run expressed in terms of Wm, will be — 

I*l6Wm, i-iowm, o'g86wm» o'ys^Wm 

from the centre to the wing tips. For a monoplane of the usual 
type, in which the continuity is interfered with by the body, the 
approximate loadings will be i*i2 Wm» i*o6 Wm, o»96 Wm and 0'86 Wm 
respectively. 

It is further necessary, in the case of a two or three spar wing, 
to know the proportion of this loading borne by each spar, under 
the worst conditions; this may be done by the method mentioned 
upon p. 55. 

METHODS OF MONOPLANE WING BRACING. 

The lift forces and the weight of the wings are taken by means 
of wires or cables anchored to king-posts or masts fixed to the 
fuselage. Three principal methods of wing bracing are shown 
in the diagrams in Fig. 20. Diagram A represents the most 
general method in which two or three cables are employed upon 
each side of each wing. The load cables are anchored to a mast 
or *' cabane " above the fuselage, except in the case of machines 
employing the *' warp " method of lateral control, when these 
cables pass over pulleys at the '* cabane." The hft cables are 
anchored, or pass over pulleys fixed to a lower mast or ** pylon *' 
of such length that the cables make as great an angle as possible 
with the wing spars. Examples of machines employing this 
method of bracing are to be found in the Bleriot, Morane-Saulnier, 
and others. 

Diagram B represents a king-post bracing method employed 
upon large span monoplanes. 

The stresses in the king-post cables are equal, and are usually 
from J to I of the stress in the main lift cable anchored to 
pylon; the Martinsyde machine employs this bracing method. 
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Diagram C illustrates the girder method, somewhat on biplane 
lines, employed in the German Taube machines, in the Deper- 
dussin hydro-monoplane, and others. It has the advantage of 






Fig. 20. — ^Methods of Monoplane Bracing. 

taking both lift and load forces usually without any interfer- 
ence with the efl&ciency of the top surface, but owing to its 
constructional features introduces additional head-resistance and 
weight ; it is useful, however, where large spans are concerned. 



CALCULATION OF STRESSES. 

Knowing the loading per foot run, say, of each spar, the 
stresses in the spars and stay wires can be determined graphi- 
cally or otherwise. An illustration of the method employed is 
best shown by considering the case of a monoplane with a 
mean loading of 5 pounds per foot run of each wing spar; this is a 



64 



THE DESIGN OF AEROPLANES 



very light loading, but the figure chosen will serve to illustrate 
the methods employed. 

For simplicity of method, the loading will be taken as uni- 
form along the span; later, the more general case will be con- 
sidered. 

The monoplane is represented diagramatically in Fig. 21, 
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Fig. 21. 



the lift cables being indicated by On, Op and O^, and the under- 
carriage strut by Om. 

Employing the notation shown in the figure, let Mm, M», M^, 
and M^ be the bending moments at m, n, p, and q, respectively, 
for the front spar; also mn=7 feet, np = ^.5 feet, and pq=5.5 feet. 

Then— 

1. M^ =0, since there is no bending at the extreme tip. 

2. Mn =0, at the anchoring of the spar to body. 
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3. Applying the Theorem of Three Moments to the spans 

qp and pn : 

2 M^ (^p-^P^) + Mn * pn = — (qp^+pn^) where Wm = 

4 
mean loading ; 

that is, 2 M^ (ys + 4-5) + Mn • 4*5 ="! (5-5^ + 4*5^) '» 

4 

whence M/>+ 0*225 M»= i6'o6 (a). 

4. Applying the Theorem to the spans pn and nm : 

Wm 

2Mn (pn + mn) -hMp* pn= — (pn^ + mn^) ; 

4 

that is, 2 M** (4*5 + 7*o) + M^ • 4'5 ='5 (^'^^ + yo^) ; 

4 

whence M^ + 5'i2 Mn = i20'5 (b). 

From (a) and (b) the bending moments at p and ^ are given 
by M/> = ii'3 and Mn = 2i-3 pounds feet respectively. 

SHEARING FORCES. 

Denoting the shearing forces to the left-hand by the letters 
R^L, RpL, R«-L, RmL, respectively, and those to the right 
hand by R^r, R^r, RnR, and RmR, respectively, it will be 
seen that: 

1. R^R=0. 

2. RwL= O. 

^ M,n~Mn Wm'mn , , J. 

3. RwR= 1 , where e£;m =mean loadmg. 

^ mn 2 ** 

O — 21*3 .5x7*0 . , 

= ^ — - + — - — = 1 4*46 pounds. 

4. RnL= -;^i^i— + -^ — =2o-54 pounds. 

_ Mn - Ma Ww • «/> 

21*3 — ii'3 . 5x 4'5 J 

= — :^-: + ^^ — -'-^ = 1 3 '47 pounds. 

4*5 2 

6. R^L= ^ .- + ^ ^ =9-03 pounds. 

7. R/,.R- -^^^--^— 

= ii'3- 0^5x^^,3.81 pounds. 

8. R^.j,= M^,^«^^^^.^^p^^^^^ 

The shearing forces obtained in the above manner are also 

5 



\ 
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shown plotted in Fig. 21, positive shears being taken as to those 
of the right hand. 

From the diagram the places of maximum shear will be seen 
to be the points of attachment of the lift cables. 

REACTIONS. 

The reactions at the points of attachment of the cables, etc., 
can now be obtained in a simple manner. 

Denoting the vertical reactions due to the Hft at w, n, p, and 
q by the letters Rw, Rn, R/», and R^, respectively, then, 

1. Rm=Rm-R = 14*46 pounds. 

2. R» =Rn-R + RnL = 13*47 + 20-54 ==34«oi pounds. 

3. R^ = R/,.R + R/,.L = 15*81 + 9*03 =24*84 pounds. 

4. Rff = Rj . L = 1 1 69 pounds. 

STRESSES IN CABLES AND STRUT. 

Knowing the reactions, the stresses in the various members 
can be obtained by direct calculation, or graphically. 

Analytically, the method of sections, as used in lattice girder 
work, can be applied. 

Thus at the joint q, if the members pq and oq be imagined 
cut through, it will be seen that the forces meeting at q must be 
in equilibrium. 

Calling the angle pqO= B, then Tsin^= H'69 from which the 
tension T in the cable — namely, 39*5 pounds — can be found, 
and so on. 

Graphically, it is necessary to draw the force-diagram for the 
system of forces shown in Fig. 21. Adopting Bow's notation 
for the forces, and commencing at the point q, the hne of loads 
gfedj can be drawn vertically, and the triangle of forces gfc com- 
pleted ; similarly the polygon of forces for the point p can next 
be completed, namely /c6^, and so on for the complete diagram 
as shown. 

The stresses in the members Ow, 0/>, and Oq are then repre- 
sented to scale by the lengths ah, be, and eg, respectively ; these 
members are in tension. 

The compressive forces along the spar in qp, pn, and nm are 
represented by cf, be, and ad, respectively. The anchoring force 
JH is denoted to scale by jh. The tensile force, due to the lift 
in Om, is given by the length to scale of ah. 

Hence the whole of the working loads in the various members 
are known, and it is a fairly simple matter to determine their 
dimensions, knowing the factprs of safety. 
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CALCULATION^OFiWING SPAR DIMENSIONS. 

In the case of the main spar mnpq, it will be seen that this is 
subjected to the following: 

1. A compressive load due to the Uft cables causing at any 

part a compressive stress =-^, where Fc is the force 

obtained from the force diagram or otherwise, and A 
the area of the section under consideration. 

2. A stress due to the bending moment M which varies 

from a tensile stress -^^ — upon the under side of spar 

(y being the greatest distance from the neutral axis, 
and I the moment of inertia about neutral axis of the 
area A), to a compressive stress upon the upper surface 

of spar, of maximum value -y-, where y^ is the distance 

of extreme fibre from neutral axis upon compression side. 

Methods for calculating the spar dimensions are given in a 
later chapter. 

DIMENSIONS OF MONOPLANE'S SPAR. 

Considering the wing spar portion m«, it will be seen from 
the stress diagram that this is subjected to a compression of 
131 .9 pounds and a B. M. of 22 pounds 
feet, the free length being about 6 feet. H Zi •\ 

The dimensions of the wing spars "T 
will depend upon their positions in 
the wing section, but if it is assumed 
that three-quarters of the total load 
comes upon each spar under the worst 
conditions of the C. P. travel, then a 
spar section similar to that shown in 
Fig. 22 will be found to give a factor 
of safety of about 11 for spruce.* In 
estimating the size of the spar it is 
better to select a probable section to 
suit the depth of section of the wing pi^^ 22. — Section ofMono- 
and to check this selected section for plane Wing Spar to 

strength as a strut fixed at the ends, s^reIs^^ ™^ ^^^^ 
of length equal to the ** free length " 

of the spar as given by the B. M. diagram, and laterally loaded 
with the maximum B. M. shown in the B. M. diagram between the 
above-mentioned limits of free length; the least radius of gyration 
must be considered in the strut formula. 

* The methods of calculation for wing-spar dimensions are fully 
considered in Chapter VIII. 
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STRESSES DUE TO DRIFT. 

In ordinary types of aeroplane, the total drift load is about one- 
sixth of the total weight of machine. This drift load is usually 
taken by internal bracing between the two spars, and in this case 
the front spars are put in tension, whilst the rear spars are in 
compression. It is easy to estimate the amount of these addi- 
tional stresses by considering the girder formed by the two 
spars, wing-ribs and internal bracing, to be uniformly loaded with 
the drift load, in the same way as a biplane system. 
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Fig. 23. 

If the drift forces are taken by external drift wires from the 
fuselage or chassis, then the spars, if both axe braced externally 
against drift, are put into compression. 

The tensile and compressive stresses due to drift must be 
added to the Uft stresses in the spar. 

It is useful to note the usual methods of taking the ** drift " 
of the wings. In the earher machines it was a common practice 
to anchor the lift cables to a part of the undercarriage vertically 
in front of the point of attachment to the wings, so that these 
cables could take both the lift and the drift of the wings. The 
disadvantages of this method are that the undercarriage is sub- 
jected to shocks which may eeisily distort it, stretch the cables, 
and upset the stresses in the cables anchored to it, and that the 
ratio of lift to drift forces varies considerably over the range 
of flying speeds, so that the incHnation backwards of the hft 
cable can only be correct for any one ratio. 

The other method, now almost universally adopted, is to 
design the wings strong enough in themselves to take the drift 
forces; this is usually done as indicated in Fig. 23. The front 
and back spars F and B, respectively, are provided at intervals 
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with extra strong ribs termed '* compression ribs," as shown 
at C, and diagonal bracing consisting of piano-wire varying 
in gauge from 12 S. W. G. to 16 S. W. G. is fitted as shown at W, 
with proper tensioning devices. This method of construction is 
equivalent to a deep diagonally-braced girder. 

Most machines, whether monoplane or biplane, usually have 
additional external cables to take the drift, but it is a Government 
requirement, for machines accepted by them, that the internal 
bracing shall be strong enough in itself to take the whole of 
the drift with the given safety factor. 

In connection with the member O (Fig. 21), this in flight is 
usually subjected to a small tensile load, but in landing, and 
whilst stationary, is subj ected to compressive loads. In the former 
case the undercarriage strut system must be designed to withstand 
a compressive load, exceeding from two to three times the weight 
of the machine, as in bad landings. 



GENERAL CASE OF MONOPLANE STRESSES. 

In practice the lift wires are attached to the outside of the 
wing spars, and not to the neutral axis, and consequently the 
stresses in the spar are a little different from those calculated 
upon the latter assumption, being generally greater upon this 
account. 

The points of attachment of the hft wires also may not be 




Fig. 24. — Stresses in a Monoplane Wing System. 
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upon the same level, as the Theorem of Three Moments supposes, 
on account of flexibility of the spars, and stretch or mis-alignment 
of the wires themselves. The effect of these factors will be 
mentioned later on. In the general case, consider a monoplane, 
one wing spar of which ABCDE (Fig. 24) is loaded with average 
loadings Wi, w^, w^, and w^; these loadings must be chosen for 
the worst C. P. position — namely, when it is nearest the spar under 
consideration. 

BENDING MOMENTS. 

Let Ml, M2, M3, and M4 be the bending moments at A, B, C, 
and D, respectively. 
Then — 

1. Mi=0. 

2. M,=^?ii^l 

* 2 

3. Applying the Theorem of Three Moments to the points 

A, B, and C : 

(Mi/j + M3/3) + 2 Mg (/2 + ^) = i (wili^ + w4i) (A) 



and 



(M2/2 + M4/3) + 2 M3 (/g + y =i W^^'^y^ili) (B)- 




M N 

Fig, 25. — Bending Moment Diagram for Monoplane Spar. 

By substituting for Mj and M4 the values given in (i) and 
(2) in (A) and (B) and simplif5dng, the following values for the 
bending moments are obtained : 

M 2 (/i + y ( ^2^2^ + «;3^3^ - 4M4/3) + ^(4Mi/i - W^ l,^ ^ W4^) 

^3- i6(^+/2)(^2+y-4V 

To draw the bending moment diagram (Fig. 25), at the points 
A, B, C, and D set up ordinates proportional to the values of 
Ml, M2, M3, and M4 obtained — namely, BJ, CK, DL. Next, 
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upon the base AB,~draw the parabola of bending moment, AMB to 
the same scale, considering the portion AB as a uniformly loaded 
spar, with loading Wi, and supported at A and B. 



The maximum ordinate will be 



8 



Similarly for the other sections BC, CD, and DE draw the para- 
bolas BNC, CPD, and EQLD. 

Add algebraically the ordinates of the parabolic areas and the 
diagram AJKL, and the resulting diagram is the bending 
moment diagram (shown plain shaded) for the wing spar under 
consideration. 



MODIFICATION OF BENDING MOMENT DIAGRAM. 

If the points of attachment of the lift wires be B^, C^, and 
D*, so that the lines OB^, OC^ and OEl^ produced meet the 
neutral axis in B, C, and D (Fig. 26), then if the bending moments 
at A, B, C, and D be M^, M2, Mg, and M4, respectively, and the dia- 
gram of bending moment AM^J, N^K, P^LE be constructed in 
exactly the same manner as before, the effect of the non-attach- 
ment of the lift wires to the neutral axis may be very approxi- 
mately taken into account (Fig. 25) by producing the parabolas 
EL to LK LPiK to KS and KN^J to Ji, where the points L^, K^, 
and J^ are upon the perpendicular ordinates drawn through the 
points D^, C^, and B^ not shown in the diagram. 




Fig. 26. — Correction for Attachments of the Bracing Cables. 

The shaded area, together with the cross-hatched area, now 
represents very nearly the new diagram of bending moments. 

EFFECT OF NON-ALIGNMENT OF POINTS A, B, C, D, AND E. 

If the points A, B, C, D, and E do not lie upon the same straight 
line, then the results obtained by the Theorem of Three Moments 
are not true, and therefore require modification. It can be 
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shown that if one of the points is J inch out of Hne, the bending 
moments will be appreciably modified. 

In an example taken, the values of the bending moments at 
B and C, assuming no distortion of spar, were found to be 144 and 
132 pounds feet respectively. 

When the points B and C were 0*25 inches above the other 
points, the bending moments became 170 and 156 pounds feet 
respectively. 

When B and C were at 0*25 inches below the other points, 
the bending moments were 112 and 103 pounds feet respectively. , 

The effect of the wire breaking at B caused the bendirg moment 
to become 520 pounds feet at C, whilst a breakage at C increased 
the bending moment at B to 515 pounds feet. In the case of a 
wire breakage at D, the bending moment at C became 1,020 
pounds feet, whilst at^ the sign of the bending moment was re- 
versed, the value being 80 pounds feet. For a fuller considera- 
tion of the methods of taking into account the effects of spar- 
distortion, wire stretching, and wire fracture, the reader is referred 
to the Advisory Committee for Aeronautics Report, 191 2- 13, 
pp. 218-228. 

SHEARING FORCES. 

In the general case of monoplane stresses under consideration, 
if the shearing forces to the left hand be denoted by the letters 
R A • L, R B • L, R C- L, R D • L, R E • L, whilst those to the right hand 
of the points are denoted by Ra r, Rbr ,Rcr, Rd-r, 
Re- R., respectively. Then — 

1. Rer=0 

2. Ral = 0. 

ll 2 • 

*2 2 

6. Rc-i.= ^»-^ + ^^. 

8. Ro.R=RD'i.=^?iZL»& + ?^3 + ^^^^. 

Knowing these forces it is an easy matter to draw the S.F. 
diagrams. 
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REACTIONS. 

The reactions Rj, R2, R3, and R4 at the points A, B, C, and D 
are as follows : 



I. Ri=Rar= ^, ^ + 



Mi --Mg Will 



•D -D . TD Mo - Mo Mo - Ml , . , . , V 

2. R2=Rbr + Rbl= ^-7 — ^+ -S — *+iW2 + «^l^l)- 

*2 h. 

TD -D . -D Mo — M4 Mo— Mo . ,, , . ,v 

3. R3=RcR + RcL=-^-7 — ^ + — S — ' + i(^sh + ^ih)- 

T5 -D M4— Mo WoL . , 

4. R4=RdR = -^-^ --h-^-^W^l^. 

STRESS DIAGRAM. 

Employing the values for R^, Rg, R3. and R4, the force diagram 
can be drawn, or the stresses existing in the various members 
c m be calculated. Fig. 24 also illustrates the graphical method 
in the case under consideration. 

The forces in the sections AB, BC, and CD are compressive, 
whilst in OA, OB, OC, and OD they are tensile. 

In connection with the bending moment upon any part of the 
wing spar, it is necessary in all cases to check the deflexion of 
the spar in the worst case, and to estimate the effect of the 
compressive load, due to the bracing, upon the strength of the 
spar. 

Thus, if the centre of a given span BC, say, has a deflexion 8 due 
to the bending moment there, then the compressive load Fc will 
cause an additional bending moment equal to Fc • 8. For a fuller 
consideration of this subject, the reader is referred to Chap- 
ter VIII. 

STRESSES IN A BIPLANE. 

Loading. — In normal types of wings the C. P. travels from a 
position at 0*50 of the chord at o degrees to 0*40 at 2 degrees, 
0.33 at 6 degrees, and 0*30 at 12 degrees approximately. The 
loading upon the two wing spars is greatest in each case when 
the C. P. is nearest the spar; an example is given in Fig. 17 of this 
effect. 

In the case of the upper wing of a biplane, this closely resembles 
the usual type of model aerofoil tested, and the distribution of 
loading should be similar to that given for the *' parasol *' type 
of monoplane wing shown on p. 61, and based upon pressure 
distribution tests around an aerofoil. 

Where the upper camber is interfered with by king-posts, 
pylons, fuselage, etc., the efl&ciency, or loading of the wing, is 
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reduced. On this account, therefore, the lower wing of a biplane, 
to which the fuselage or body is generally in close proximity 
and the struts to the top surface, the loading will be necessarily 
lower than in the upper wing ; also, on account of the biplane 
spacing effect, the efl&ciency of the lower plane is further 
impaired. 

Fig. 27 illustrates a typical case of biplane loading, taking the 
above-mentioned factors into consideration ; the numbers given 
representing the relative proportions of the loadings. 




\z F II 

Fig. 27. — Diagram of Loading of Biplane. 

BENDING MOMENTS. 

The method of computing the bending moments is the same 
as in the cases considered for the monoplane. 

The two spars ABCD and GFE are treated separately, the 
Theorem of Three Moments being applied to the cases of the 
moments at the joints A, B, C, D, E, F, G, respectively, in order 
to obtain the moments there. 

The shearing forces are next calculated by the methods 
indicated on p. 72, and from these the vertical reactions, due 
to the lifting forces upon the wings, can also be found at the 
above-mentioned places. 

STRESSES IN THE SPARS, STRUTS, AND CABLES. 

Having found the vertical reactions at these points, the whole 
frame is assumed to be pin-jointed at the points A, B, C, D, 
E, F, G, and the stresses in the members are obtained from the 
stress diagram. An example of the general type of stress 
diagram for an actual case is shown in Figs. 28 and 29 for a lightly 
loaded biplane of total weight = 1,370 pounds, the upper and lower 
wings weighing 120 and 90 pounds, respectively, and the distribu- 
tion of loading being similar to that given in Fig. 27. In the 
example given the wing area of the top plane is 240 square feet, 
whilst for the lower plane it is 180 square feet, the wing loading 
upon the average being somewhat low. Both forward and rear 
spar are considered as being equally loaded. The bending 
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moment and shearing force diagrams are not given, as they 
closely resemble those already considered. 

The stress diagram given in Fig. 29 illustrates the following 
facts, namely: 

I. That the stresses in the top wing spar sections AB, BC, 




-no 

U Vo T 'C' 

Fig. 28. — ^Example of the Stresses in a Biplane System. 

2ja 




Fig. 29. — Stress Diagram for Fig. 28. 

and CD (shown in Fig. 27) are compressive, due to the 
bracing system. 
2. That the stresses in the lower wing spar sections GF and 
FE are tensile. 
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3. That in the panel near the centre of top wing spar the com- 

pressive loads are greatest, and the cable tensile stress in 
GB is also the greatest. Further, the maximum tensile 
load occurs in the lower wing spar in the inner panel. 

4. That the stresocs near the wing tips are a minimum. 

The lift cables GB, FC, and ED are, in practice, usually dupli- 
cated for reasons connected with safety and reliance. 

The cables AF and BE, shown dotted, are simply the load 
cables for supporting the weight of the wings when the machine 
is landing or stationary, and do not take any appreciable part in 
flying stresses, so are therefore made small compared with the 
lift cables, although it must be remembered that these cables must 
be strong enough to take the landing and top-loading stresses. 

It should be here mentioned that the above methods assume 
the points of support to be in a straight line when under load, 
and that the points of inflexion (or zero bending moment), giving 
the " free length " of the wing spar under end loading, are un- 
altered by the superposition of the end loading and bending. 

TOP LOADING STRESSES IN AEROPLANES. 

1. The Stationary Stresses. 

Under some conditions the loading of the wings may be re- 
versed in direction, and in amount may exceed the positive 
loading during normal flying. 

The simplest case of reversal of loading is that which occurs 
when the machine is stationary upon the ground, and the loading 
of the wings is simply due to its own weight, together with its 
struts and bracing. 

The weight of the fuselage or body and undercarriage is not 
borne by the wing bracing system, and so the stresses in the 
latter are only due to its own weight. 

If the weight of the wing system be assumed to be uniformly 
distributed along the spars, and be denoted by the letter w, 
whilst the total weight of the complete machine is W, then the 
ratio of the stresses in the wings during horizontal flight to the 

stationary stresses is . 

In the case of a biplane of 1,500 pounds weight, the wings of 
which weigh 200 pounds, the stresses in normal horizontal flight 

will be — =6*5 times those occurring upon the wing 

system whilst the machine is stationary. 

2. The Landing Stresses. 

The landing stresses, asmentioned in Chapter VII., may easily 
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be from two to three times the stationary stresses, and may 
become very much higher in an awkward landing. 

3* Top Loading Stresses due to Diving. 

The other conditions under which top loading may come upon 
the wing system is when the machine, after a horizontal flight, 
is suddenly made to assume a steep downward path, greater than 
its natural gliding path. 

Under these conditions the wings will have a negative or top 
loading, the amount of which will vary as the square of the 
speed, and inversely as the radius of the vertical circular path. 
Thus if W= weight of machine, 
V=its velocity, 
R= radius of circular path, 

L= total loading of the wings reckoned as positive 
when acting normally outwards from the top 
surface, as in normal flight, 

then L=W--^^. 

As an example, consider the case of a machine travelling hori- 
zontally at 75 miles an hour, to change its course downwards 
in a circle of radius 100 feet. 

HereL=W- ^ ^ =-28 W. 

32 X 100 

The negative, or top loading, in this case will be nearly three 
times the weight of the machine, neglecting the wing weights. 

If the machine moved in a circular path of the same radius 
upwards, the positive loading would be increased to 4*8 times its 
normal amount. 

The above considerations show that the top load wires or cables, 
which support the weight of the wing system when at rest on the 
ground, should be designed to cope with these conditions. 

It is usual to design the top loading wires or cables to withstand 
about half the worst loading stresses of the corresponding lift 
cables, or, in other words, to adopt a factor of safety about half 
of that used in the Hft cables. 

Another point to be remembered in connection with this 
reversal of loading is that whereas the stresses in the spars of 
monoplanes act in the same sense for both top and bottom 
loading, and that both positive and negative loadings put the 
spars in compression, yet in the case of biplanes the stresses are 
reversed, so that the top spar is no longer in compression, but in 
tension, whilst the bottom spar is in compression instead of tension, 
both being subjected of course to bending moments as well. 



CHAPTER VI 

PRINCIPLES OF CONSTRUCTION OF THE 

WING SYSTEM 

SYSTEMS OF BIPLANE BRACING. 

Examples of some t3rpical methods of bracing the wings of 
biplanes are given in Fig. 30. 

It will be noticed that all of these agree in using a combination 
of struts and diagonal bracing wires or cables; but that where 
the upper wing overhangs the last strut by a comparatively large 
amount, an inclined tie-strut member is employed, as in ^ , which 
represents the system employed on the D.F.W. biplane and the 
Farman machines. In some cases an additional king-post is fitted 
above the last strut, and a series of inclined lift and top load wires 
take the lift and the top load of the overhung portion, as shown 
in diagram F, which represents the Farman hydroplane sjrstem. 

In cases of a small overhang of from one-half to three-quarters 
of the chord, it is sufficient to make the overhung portion of the 
spars strong enough as a cantilever, or to add an additional lift 
cable, as shown in diagrams C and £, which are typical of many 
existing biplane systems. 

Diagrams B and F represent the bracing methods employed 
for the large spans of flying boats, heavy biplanes, etc., whilst D 
indicates a t3rpical method of bracing light biplane scouts. Here 
only one interplane strut pair is fitted to each half of the wing, 
the span being small. 

WING FORMS. 

The plan forms of aeroplane wings vary considerably in shape, 
sometimes for constructional reasons, in other cases for stabihty 
purposes, as in the Etrich Taube, Dunne, and other machines, 
and in many cases apparently for appearance' sake, but in few 
cases for reasons connected with the aerodynamic efficiency. 

Most successful machines agree in having an aspect ratio of 

78 
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about 6 or over, except in cases of light Bcouts, which sacrifice 
span dimenGions for other reasons. The chief differences existing 
between plan forma of aeroplane wings lie in the shapes of the 
wing tips and aileron design. 
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Fig. 31. — Some Typical Wing Plan Forms. 

The outline diagrams shown in Fig. 31 illustrate a few of the 
typical wing plan forms of present practice. The diagrams also 
show the positions along the chord of the wing spars, and in one 
or two cases the drift bracing system. The wings illustrated in 
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Fig. 32. — ^Special Types of Wings. 
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this system belong to the rigid type, except in so far as they 
require to be warped. 

The simplest plan form, much evident in earUer machines, 
was the plain rectangle. Modem tendency is, however, towards 
rounded wing tips, with parallel chord along the span. 

The B.E. t3^e, as shown in Diagram C, is used in many other 
machines, either with the major portion of the curve behind, or 
in front as in the Bleriot, Sopwith, etc. 

The plan shape given in D is typical of the Morane-Saulnier 
monoplane, and Eiffel has shown that this plan form gives a rather 
higher lift coefficient for the same value of the drift coefficient 
than the rectangular or rouiided forms. The increase in the lift 
to drift ratio is most marked between 8 degrees and 12 degrees, 
and amounts to from 4 to 8 per cent. 

This t3^e of wing plan is no doubt more efficient on account 
of the more gradual pressure grading towards the tips, with the 
consequent diminution in end-losses. A combination of D and E 
would probably show a still better aerodynamic efficiency. 

The plan forms shown in Fig. 32 represent some exceptional 
wing plan forms, adopted for stability and control purposes. 
The chief features of A, B, and C, are that the wing tips are 
negatively warped for stabihzing purposes. In A and C this is 
obtained by warping the trailing edge upwards, whilst inB the 
leading edge is warped downwards. 

Diagram D illustrates a wing with a flexible trailing edge, 
also for stability purposes, in which the front edge forms one wing 
spar; this is also a feature of one or two other machines. 

TYPES OF WING SPAR SECTIONS. 
X. Wooden Spars. 

Wing spars designed to fulfil the requirements of strength 
may take a variety of shapes and forms, and a large number of 
different sections are to be found in practice, but this is more 
especially marked in the machines of a year or two ago than now. 

Some typical spar sections are shown in Fig. 33, illustrating 
different methods of construction. 

The spars are usually made of ash, spruce, or poplar, and are 
made hollow about the neutral axis of the " Uft " bending moment, 
but are left soUd where the compression ribs, struts, and external 
bracing are fixed. 

The most common form of section is the I section, which is 
generally shaped at its outer flange surfaces to confomoi with the 
wing section, and is hollowed out as shown in A (Fig, 33). 

To avoid warping and distortion, spars have been made in 
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separate portions, ae shown in B. The grains of the component 
pieces are sometimes set at angles with each other, and are glned 
and screwed (or clamped) together. 

Another method, in which economy of weight is aimed at, is 
shown in C and D, the vertical webs being made of 3-ply in the 
former example, which has been employed in the Martinsyde 
machines. 

Ash 



f-3ply 





D E F 

Fig. 33. — ^EzAUPLEs op Wooden Wing Spar Sections. 

In certain machines, such as the Faiman and Nieuport, the 
leading edge itself forms the front spar, and is shaped (in the former 
case) as shown in E. Needless to remark, in this type the rear 
spar m.ust be situated well back, in order to withstand the in- 
creased stresses due to the backward travel of the C.P. when the 
angle of incidence decreases; occasionally, however, three spars 
are employed. 

Wii^ spars are sometimes built up somewhat upon the principle 
of hollow struts, ae shown in F, which represents the back spar 
of a wing of the type in which the front spar is formed by the 
leading edge. 

Armoured wooden spars have been employed in which the 
greater part of the stresses has been taken by a steel strip (or 
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strips) set with the depth vertical, as in G (Fig, 34), the wtHxien 
sides being riveted and bound to the steel, thus giving sufficient 
rigidity to prevent buckling. Such a spar was fitted to the 
Caudron machine. In some instances steel lubes of appropriate 
section have been filled with ash for the wing spars. 
2. SteeJ Spars. 

The modern tendency in aeronautical practice is towards the 
elimination of such materials as wood, as the strei^jth of this 





Fig. 34. — Examples i 
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F Metal "Wing Spar Sections. 



material depends upon its previous history and subsequent 
treatment, and is always an unreliable factor. For this purpose 
steel, and other metals, is replacing these non-bomogeneous 
materials, and successful all-metal wings (and indeed complete 
machines) have been built. 

It is necessary when designing for metals to dispose the material 
in the best possible way so that the actual weight is a minimum, 
as one of the reasons for their non-adoption has been-on account 
of their weight as compared with wood. 

The introduction of high tensile alloy steels, modem welding 
and fusion methods, and the more accurate calculation of the 




Fig. 35. — ^The Etrich Wing with '. 
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strengths of the parts, may result in the gradual eUmination of 
wooden spars. 

The disadvantages of the metal spar as employed up to the 
present time are, firstly, its rather higher weight; secondly, that 
in a built-up spar it is difficult to ensure that the union between 
the component parts will be as strong as the components them- 
selves; and thirdly, that of the protection of the surface of the 
metal against rust and corrosion. This latter objection has 
already been largely overcome with the introduction of high 
tensile non-rusting steels. 

Examples of some of the metal spar sections which have been 
employed are shown in Fig. 34. 

Round and elliptic steel tubes have been employed for wing 
spars, notably in the Breguet machine. For maximum economy 
of weight, these spars should be tapered in length, or diminished 
in thickness of section towards the wing tips. 

In the Clement-Bayard machine, channel steel section, con- 
sid6rably lightened out in the webs, has been successfully em- 
ployed for the wing spars (see Fig. 38). 

The steel spar, built as a pressing upon this plan, possesses 
advantages as regards its time of construction, uniformity, and 
for repetition work. 

WING CONSTRUCTION. 

The wing is designed to fulfil several objects. Firstly, it must 
be constructed to give the correct shapes or sections at all places 
along the span; secondly, it must suitably house the main wing 
spars and allow means for their external bracing ; thirdly, it 
must accommodate the lateral control, whether aileron or warp. 

The majority of aeroplane wings are now built upon one 
system, which can be best understood by reference to the Nieuport 
wing plan in Fig. 23 and the Etrich Taube plan and elevation 
given in Fig. 35. The two wing spars pass through all the 
sections, and are internally diagonally braced against drift 
forces. Suitably shaped ribs are provided at intervals of from 
10 to 14 inches to give the fabric its correct profile when stretched 
over the whole wing framework. These ribs are divided up into 
two classes: the stronger ribs, to which the drift bracing ie 
attached, are termed "compression ribs,*' whilst the lighter 
skeleton ribs, which chiefly serve to give the wing its- proper 
section or shape, are known as ** former ribs.*' 

The construction of these ribs is illustrated in Figs. 36 and 37. 

Diagram A shows one of the simplest methods of constructing 
the former ribs, and their attachment to the longitudinal mem- 
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FIG. 36. MaiHOca op Construction of Abroplahe Wings. 
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bers. They are here composed of either spruce or cotton wood, 
both being very light materiab, whilst the leading and trailing 
edges are of spruce, the main spars being of ash I beam sections. 

Diagram B shows a perspective view of a portion of the wing 
structure, with several foraoier ribs in position. In this case the 
leading edge is composed of an aluminium cup-section bar, whilst 
the main spars are rectangular in section. 

The thin, flat, longitudinal rods S are termed " stringers," and 
their function is to preserve the shape of the wing between the 
main spars — ^that is, to prevent excessive sag in the fabric. 

Diagram C illustrates a method of constructing a compression 
rib, details of the materials used being given. 

FLEXIBLE WINGS. 

In certain types of wing designed for stability purposes, the 
trailing edge is made flexible. Usually, as in the case of a bird's 
wing, the trailing portion of the wing offers little resistance to 
top loading, but is rigid as regards the normal fl3ang loadings. 

The Caudron wing is made flexible in the manner shown in 
D (Fig. 36) by splitting the trailing portion of the wing ribs. 

In the Taube wings, and in certain experimental machines, 
bamboo ribs of rectangular section are employed for flexibility. 
These are made either of solid round cane of about J inch 
diameter, or of portions of split tubular bamboo of from 2 J to 
3 J inches outside diameter, the rectangular sections thus obtained 
measuring about i J inches by J inch. 

Steel wire, in conjunction with an upper and lower rib flange, 
is employed in the D.F.W. flexible wings. 

The materials more commonly employed for the wing con- 
struction are birch or ash three-ply, or spruce, for the vertical 
webs of the ribs, spruce, poplar, white pine or cottonwood for 
the flanges, and spruce for the leading and traiHng edges, although 
metal is more commonly employed here ; generally ash or an ash- 
spruce combination for the main spars is employed. 

In some machines, notably the Caudron and Farman machines, 
the leading edge itself forms the front spar, and is then made 
considerably stiffer. 

Full information of these, and other materials used in aeroplane 
construction, is given in the volume of this series, entitled '* Aero- 
plane Methods and Materials of Construction." 

STEEL CONSTRUCTIONS. 

Several machines have been fitted with wings constructed 
entirely of metal, which, whilst usually weighing appreciably 
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more than the wooden constructions, have possessed the ad- 
vantages of greater strength, homogeneity, and in some cases 
standardization possibihties. 

Some successful wings have been constructed almost entirely of 
metal tubes welded together, the leading edge being made of 
about I o millimetres diameter tubing, whilst the trailing edge was 
somewhat smaller, the metal thickness being about 22 S.W.G. 

The main spars have been made of round tubing of from 
30 millimetres to 60 millimetres diameter, and from 20 S.W.G. 
to 16 S.W.G. in thickness. 
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Fig. 37. — Examples of Steel Wing Construction. 

In order to preserve the shape of the section, short pieces 
of elliptical tubing were welded between the outside pieces, as 
shown in D (Fig. 37) ; the limit to the thickness of tubing allow- 
able is fixed by welding considerations, 20 S.W.G. being about 
the smallest workable width. 

One interesting French method of constructing metal wings 
is shown in E (Fig. 37). The spars in this case are of steel tubes; 
the flanges of the ribs are made of T-section aluminium riveted 
to the thin steel webs, which are themselves lightened out. 

The Clement-Bayard wing construction consists almost entirely 
of metal, the leading and trailing edges (Fig. 38) being of thin 
Y-section steel, whilst the spars themselves are of channel steel, 
lightened out around the neutral axis of bending, and are made 
somewhat thin for flexibility reasons connected with the warping. 
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The ribs themselves are of wood, whilst the stringers are of very 
thin flat steel strip. 

Another method applicable to the construction of the ribs 
themselves, especially where reproduction in quantities is im- 
portant, is to stamp these out of thin steel or aluminium alloy. 
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Fig. 38. — The Steel Construction of the Clement- 
Bayard Wing.* 

such as duralumin, the section being channel and the webs suitably 
lightened. Lugs can be stamped, or afterwards bent, for affixing 
the ribs to the spars. 

It should be mentioned that even in wing constructions, con- 
sisting almost entirely of wood, metal can be employed with 
advantage. Thus the leading edge can be made of a C -sectioned 
aluminium bar, and the trailing edge of very light gauge stream- 
line tubing (usually about | inch major axis, ^ inch minor axis, 
and 22 S.W.G. thickness in steel). The ribs are attached" to these 
metal parts by means of light tinned steel straps, held by one or 
two wood screws to the ribs themselves. 

The advent of nickel chrome and other high tensile steels in the 
form of tubes of various sections, channels, and other parts, has 
increased the possibilities of all metal constructions for aeroplanes. 

* Flight copyright. 



CHAPTER VII 
PRINCIPLES OF UNDERCARRIAGE DESIGN 

The designer should be well acquainted with the actual con- 
ditions of rolling and landing, in order to successfully design the 
undercarriage. 

The pilot always endeavours to bring his machine down with 
its head to the wind, so that its speed relative to the earth is a 
minimum. It is generally better to glide down at a somewhat 
greater angle than the natural one, in order to render the controls 
more sensitive, and for stability reasons. When the machine 
nears the ground, the tail is gradually brought down in order 
to increase the angle of incidence to the maximum lift region, 
until the machine is flying at its minimum speed and gradually 
drops until the wheels touch earth. The provision of a mechanical 
brake is of great assistance in bringing the machine to a standstill 
after alighting; but air-brakes, which depend for their action 
upon the speed of the machine, are of little use in this respect. 

MECHANICAL PRINCIPLES INVOLVED. 

When an areoplane is gliding downwards at an angle a, it will 
have a kinetic energy in the direction of flight given by 

W • V2 
K.E. = — ^ foot-pounds, 

o 

where W = the total weight of machine in pounds, 
V =its velocity in feet per second, 
^=3218. 

In the landing operation (Fig. 39), the vertical component F 
of this energy must be overcome by the springing device of the 
undercarriage, whilst the horizontal component H is expended 
in overcoming the rolling and wind resistances. 

In order to absorb the vertical component the springing devices 
(and the tyres) must deflect vertically through a certain distance. 
The greater this distance the less the mean force acting upon the 
springing device. 

90 
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In practice the vertical movement varies from about 4 inches 
with elastic devices up to 12 inches with pneumatic and hydraulic 
shock absorbers. 

If d=yeriicai movement of springing device, and' F= mean 
force acting through springing device, then 

„ , W.V2 . 
F • d = sma 

in the case of a bad landing without flattening out. 

To take a concrete example, consider a machine of 1,500 
pounds weight with a gliding angle of i in 8 to aUght at 40 miles 
per hour at its gliding angle, and further assume that the shock 
absorbers allow a 12-inch vertical movement, it will be found 




Fig. 39. — ^The Dynamic Forces in Alighting. 

that the average force acting through the springing will be 
10,000 pounds, or about six and a half times the weight of the 
machine ; further, if the machine lands upon one wheel, the con- 
ditions will be worse. 

It is doubtful whether a landing chassis of aeroplane practice 
would survive such a mean force. The maximum force acting 
would be much greater than the mean, so that the conditions 
are even worse than assumed. 

In practice it is the object of the pilot to reduce the vertical 
component of the machine's velocity to a minimum by flattening 
out as close to the ground as possible. 

The undercarriage should be designed to withstand the shock 
due to a vertical drop of from 12 to 18 inches of the whole machine. 
In this case^the expression for the mean force acting becomes 

W 

F = [i-otoi-5] ^, 

where d is the deflection in feet of the springing device and W 
the total load, as before. 

It should be noted that the stresses in the wings, struts, and 
bracings may easily be from two to three times the stresses due to 
the weights of these parts when the machine is at rest on the ground. 
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Dealing next with the static forces affecting the stability or 
equilibrium of the machine during landing, it will be seen that 
when a machine touches the ground in alighting it is subjected 
to the forces shown in Fig. 40 — namely : 




M 



Fig. 40. — ^The Static Forces on Alighting. 



1. Its weight W acting through the C.G. 

2. The lift P due to its forward velocity [this during the 

landing operation falls off rapidly]. 

3. The force Mp, due to the momentum M, depending upon 

its weight and velocity, which may be considerable in 
magnitude, but which will depend upon the rate at 
which this momentum changes; this acts through the 
C.G. 

4. The tractive resistance Rt, at the point of contact with 

the ground, where RT=fi[W-P], the coefficient of 
rolling friction fi varying with the nature of the 
ground. Usually for grassy ground, such as found in 
aerodromes, the resistance may be taken at 80 to 120 
pounds per ton. 

5. The head resistance R. 

The engine is assumed to be switched off in these considerations. 
If running it will introduce an additional force T at the pro- 
peller. 

The momentum force brings into play a couple M • d (where 
d is the perpendicular distance of M from the point of wheel 
contact) tending to overturn the machine, whilst the lift force P 
also produces an upsetting moment. 
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If the C.G. of the machine is behind the point of contact of the 
wheel and ground, a righting couple is brought into play; the 
head resistance couple also tends to right the machine. 

Calling Xfot xp, Xm, Xr^ and d, the perpendicular distances of the 
lines of action of the forces W, P, Mp, R, and Rt, respectively, from 
the wheel centre, the condition for equilibrium during alighting is 
that [W • ;trte; + R • ;rr] shall be greater than [P • ;*r/) + Mp • -JTw + Rt • <^. 




Fig. 41. — Types of Undercarriage. 



GENERAL DESIGN PRINCIPLES OF UNDERCARRIAGES. 

In undercarriage design the position of the C.G. is usually 
chosen so that it lies behind the point of contact of the wheel and 
ground when the machine is flying at its greatest angle of incidence 
(the distance being from i foot to 2 feet in most cases), otherwise 
a forward skid is provided, and the wheels are placed very nearly 
at the C.G., as shown in Fig. 41, to prevent overturning. 




Fig. 42. — Type of Undercarriage. 



This type of landing chassis sometimes takes the form of a 
forward skid provided with a single or pair of smaller diameter 
wheels at its extremity, as shown in Figs. 42 and 42 a, suitably 
strutted and braced. The skid itself is sprung or flexibly con- 
nected to the transverse member, and is often extended 
sufficiently rearwards to act as a tail skid, so that no additional 
skid or support is required at the tail extremity. 
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In practically all existing designs of undercarriage the C.G. 
is placed very near to the centre of wheels when the machine is 
horisontal, and some form of rear support, either as a light tail 
skid, or an extension of the main skid, as indicated in Figs. 41 and 
42, known as a " kangaroo " skid, is provided. 

The nearer the C.G. to the wheel centre, the greater the pro- 
portion of weight taken by the main wheels, and the lighter the 
tail skid may be designed. 



Fig, 42A. — Types of Undercarriage. 

The proportion of the total weight carried by .the tail skid in 
present practice is from 4 to 10 per cent,, according to the position 
of the C.G. relative to the wheels. 

The proportion of weight carried by the tail skid, when the 
machine is running over the ground, depends upon whether the 
machine has a carrying or a non-carrying tail, l>eing smaller in 
the former case, and incidentally enabling a much lighter fuselage 
tail end construction. 

If the C.G. is too far behind the wheel centres, the tail will tend 
to drop during alighting, thus increasing the incidence and 
causing an increase in the lift, so that the machine " rebounds " 
several times in coming to rest. Further, the weight upon the 
tail skid is excessive, and the frictional resistance prevents rapid 
acceleration when starting off. 

The undercarriage should be designed so that when the machine 
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is at rest, prior to starting, the angle of incidence of the planes 
is from 12 to 20 degrees, in order to provide for rapid rising. 

The height of the undercarriage is dependent upon the pro- 
peller diameter, as sufficient ground clearance (from 12 to 24 
inches) must be given under all conditions, whether the machine 
is tilted, or whether the wheels sink in a ground depression when 
the machine is running over the ground. Tractor machines can 
be designed with lower undercarriages than pushed machines on 
account of the propeller clearances being less at alighting 
angles. 

It will generally be found that monoplanes require a some- 
what higher undercarriage than biplanes. 

When considering landing conditions, the effect of the wheels 
sinking in soft earth or sand should be remembered. 

GENERAL REQUIREMENTS FOR UNDERCARRIAGES. 

The undercarriage must be designed to suit the following 
enumerated conditions: 

1. It must allow the machine to start and to stop in the 

quickest possible time consistent with comfort and 
safety. For this reason the resistance to rolling and 
sliding of the parts must be minimized. Some form of 
efficient brake should be fitted. 

2. It must be well sprung in order to eUminate both forward 

and side shocks. 

3. It must give both lateral and longitudinal stability whilst 

travelling over the ground (preferably without the 
addition of wing-tip skids or wheels). 

4. It must be capable of withstanding rolling and side- 

shocks without serious deflection or fracture. The 
effects of landing in side winds or upon uneven ground 
may cause serious side stresses. 

5. It must enable the machine to rise off soft ground or 

** plough." Usually this is a question of sufficient 
wheel diameter and width. 

6. The head resistance must be as low as possible, and the 

chassis weight as low as possible consistent with safety. 

7. It should enable the machine to be steered on the ground 

without the aid of the propellor blast upon the rudder. 

In connection with monoplanes and with certain types of 
biplane employing Uft bracing cables below the bottom plane, 
no lift or drift bracing cables should be anchored upon any 
portion of the undercarriage structure, but upon a separate and 
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specially designed ** pylon " or mast. Many serious and fatal 
accidents have occurred through inattention to this point. 

In connection with item 3, the fore and aft stability has already 
been discussed, but the question of lateral stability will depend 
upon the width of the wheel track in relation to the span and 
weight of the machine. Generally speaking, the wider the wheel 
track the more stable the machine laterally; if a narrow track is 
adopted, then wing-tip skids or wheels become a necessity. 

The wheel tracks of aeroplanes vary from about 4 feet in the 
case of light biplane scouts and monoplanes to 6 feet for ordinary 
biplanes, and up to 12 feet for wide wing span biplanes of large 
area. 



Strut 




Fig. 43. — Undercarriage for a Heavy Machine. 

The wheel track varies from one-quarter to one-tenth the span 
of the machine in extreme cases, but may be taken upon the 
average as from one-sixth to one-eighth the largest wing span 
(in the case of a biplane). 

Many undercarriages have been designed with an intentionally 
smaller factor of safety than possessed by the remainder of the 
machine, in order that the greater part of the shock of a bad 
landing may be taken by the undercarriage, and the resulting 
damage confined to that part. 

TYPES OF UNDERCARRIAGE. 

Many of the earlier machines, including the Wright and Farman 
biplanes, possessed rigid skid structures without wheels. This 
system, although disadvantageous for " getting off," gave a rigid 
anchoring for the hft cables. 

The most popular type of undercarriage for biplanes at the 
time present is that outlined in Figs. 41 and 42, consisting of a 
pair of single or double wheels, combined with a single central 
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sprung skid of ash or hickory, or a. pair of skids, each situated 
between and below a pair of wheels, as illustrated in Fig. 43. 




This latter arrangement is employed upon the heavier types 
of machine, and gives a firm undercarriage. 

The type of undercarriage employed upon light scouts or 
monoplanes is iUustrated in Fig. 44, and consists of a pair of 



Fig. . 



V-struts, either of streamlined steel tubing, ash, or spruce, each 
pair viewed in front elevation being splayed out towards the 
ground and diagonally braced, as shown, with large gauge piano 
wire or cable to the eight extremities of the struts. 

The wheels are usually carried upon plain axles, running on 
light gunmetal bushes in the wheel hubs. The main axle may be 
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continuous or divided in the centre, each half being pivoted at 
the centre, as shown in Fig. 44A. 

In the latter arrangement additional staying of the central 
portion is required, and the head resistance thereby enhanced. 



In designing the strut system for undercarriages, advantage 
should be taken of the shielding effect of struts placed one behind 
the other in the direction of flight, an appreciable reduction in 
the total head resistance reeulttng. 



Fig. 45A. — Streamlining the Axle in V-Type Undercarriacb. 

The main axle (or axles) in the V-type chassis, and in those 
illustrated in Fig. 44, is usually either made in streamline tubing, 
or, when a transverse strut is fitted between the two V's, it is 
often grooved out to receive and streamline the plain round 
section axle when in flight, as shown in Figs 45 and 45A. 

In Fig, 44 each system of V-struts is connected along the 
fuselage extremities by means of a cable or steel strip, to take 
any outward thrust along the struts. 
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Other S3r8tems of bracing the undercarriage are shown in 
Fig. 46. 

In the Bleriot monoplane (Fig. 47) the undercarriage consists 
of two wheels of about 6 feet track, each wheel being allowed a 
vertical travel of 12 inches. The wheels are allowed to swivel 
through 45 degrees, being held in the normal position by light 
rubber cables; no front sldd is fitted. 





^&) 





The object of the swivelling wheels is to obviate the serious 
side stresses consequent upon landing in a side wind, as the 
machine then has a lateral motion relatively to the ground. If 
the machine can be brought head to the wind, the use of swivelling 
wheel devices is obviated. 

The additional weight and considerable head resistance of this 
type of undercarriage more than counterbalances any advantages 
accruing from its distinctive features. 

In the Nieuport monoplane (Fig. 46, C) the undercarriage has 
been designed with the object of reducing head resistance. 
The wheels are mounted at the end of a transverse laminated 
spring attached to the single central skid in a position well in 
front of the C.G. The wheels, axle, and skid are held to the 
fuselage by means of Y-struts in front elevation, and the use of 
cables is obviated. 
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The central skid is continued behind the wheels, and the UBual 
tail skid ie therefore absent. This arrangement is similar to that 
shown in F^. 41, and possesses the advantage that, being heavily 
loaded, it acts as braking agency when pulling up after landing. 
When starting, the lifting effect of the propeller blast upon the 



Fig. 47.— The Blbriot Type of Undercarriage. 

tail takes most of the weight off the rear end of the skid, and 
thus facilitates " getting off." This type of undercarriage gives 
simpUcity of design, low head resistance, and strength. 

SPRINGING AND SUSPENSION. 

The chief requirements of any springing device are that it 
should not only absorb shocks of landing and rolling, but that 
it shall do so in such a way that the enei^ of the shock shajl 
not merely be stored up by the springing device and then given 
out again in the form of a rebound, but that it shall absorb the 
energy without giving it back in the previously mentioned form. 



PRINCIPLES OF UNDERCARRIAGE DESIGN lol 

The absorption of vertical shocks is perhaps the chief function 
of a shock absorber, but a mere energy absorber is insufficient if 
means are not provided for undamped springing when rolling 
over uneven ground. It is usual to allow the wheels a few inches 
of undamped vertical travel, either by means of compressed air 
or spiral springs. 

For this reason rubber and helical springs are not the most 
suitable devices, as the energy of shock is not " absorbed " but 
merely stored. 

The common form of laminated or leaf spring of motor-car 
is a decided improvement upon the two forms of springing men- 
tioned above, in that the frictional resistance due to the sliding 
of the '* leaves *' over each other absorbs the energy of springing. 

Perhaps the best devices for shock absorbing are the pneumatic 
and hydrauUc systems as used upon the Breguet, R.A.F., and 
other machines. When oil is employed, these latter are known as 
oleo-pneumatic systems. In these t)rpes a dash-pot is provided, 
which absorbs the " work " of the shock of landing or encoun- 
tering an obstacle when rolUng. 

Fig. 48* illustrates a typical oleo-pneumatic and spring shock 
absorbing device as used on the Breguet machines. 

It consists of two telescopic steel tubes, the outer one, or 
cylinder, being attached to the axle of the wheels, whilst the inner 
tube, or piston, is attached to the body of the machine. 

The piston is provided with a cup-leather and a spring-loaded 
valve, which can be adjusted to suit the weight and speed of 
the machine. 

Upon landing oil is forced from the cylinder through the 
spring-loaded valve into the interior of the piston, whence it 
passes out again through ports in the walls of the piston. 

When the machine rests upon the ground the spiral spring 
takes the load, and the valve is automatically opened by the 
spring seen in the base of the cylinder; the top spring is used for 
rolUng purposes. 

In the R.A.F. oleo-pneumatic shock absorber, which is very 
similar to the Breguet, the lower telescopic tube contains the 
oil, and this tube, carrying with it the axle, drops 1 1 inches when 
in flight. Upon the machine striking the ground the oil first 
passes into a central air chamber, and then through three exit 
holes, each 4 miUimetres in diameter. When the velocity of 
impact is sufficiently high, the pressure of the oil due to its 
resistance in passing through the holes is raised to 640 pounds 

♦ Reproduced from "Aeroplane Undercarriages," Proceedings of In- 
stitute of Aeronautical Engineers, 19 12. 
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per aquare inch, and a spring loaded valve is opened to provide 
an additional oil passage. 

The arrangement is designed bo that after the first 2 inches of 
travel of the lower tube the resistance remains constant, and 
equal to two and a half times the weight of the machine. As the 
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Fio. 48. — Brbgubt Shock Absorber. 

total vertical travel exclusive of the first 2 inches is 13 inches, 
the total energy absorbed at constant pressure works out at 
4,300 foot pounds, and this corresponds with a vertical landing 
velocity of 13 ieet per second. 

Actually it has been shown that a fully loaded biplane can 
drop vertically from a height of 18 inches to the ground without 

In this fonn of suspension the roUing shocks are taken by 
strong spiral springs, as in the Br^uet. 
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The Houdaille hydraulic shock absorber as applied to cars is 
an additional example of thfa type, and is very satisfactory in 
practice. 

RUBBER SHOCK ABSORBERS. 

Rubber possesses the advantages over steel for undercarri^e 
springing that it will absorb a much greater amount of energy 
per nnit weight and that it is readily replaceable. 



Fio. 49. — Rubber Shock Absorber amd Brake. 

The amount of energy which good rubber can absorb varies 
from 500 to 1,000 foot pounds per pound, whilst with steel it 
varies from 10 to 30 foot pounds, but it absorbs less work the 
more it stretches. 

Rubber is further more easily adaptable to the various systems of 
suspension in vogue, and signs of deterioration are easily detected. 

The rubber is used either in the form of an annular ring of 
from 6 to 12 inches diameter and from i to 3 inches wide and 
thick, or more generally as a woven fabric-covered cord or rope 
composed of from 50 to 300 strands of rubber covered with a 
woven surface, the diameter varying from J inch up to r inch. 

The method of adapting this cord to aeroplane undercarriage 
springing is shown in Fig, 49; sometimes, however, the rubber 
cords are arranged to take the shocks, in direct tension, as distinct 
from bending. 
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The amount of cord ueed will depend upon the weight and 
alighting epeed of the machine, but a rough figure to allow for 
design purposes is i6 yards per i,ooo pounds weight of J-inch 
diameter cord for the two (or more) wheels, or about 9 yards of 
|-inch diameter cord. 



Fig. 50. — Section o 

WHEELS. 

The lighter wheels of earlier aeroplane practice are now being 
replaced by much stronger wheels with wide axles and well- 
splayed epokes for taking side stresses. 

The hubs are invariably made plain, with gunmetal- steel 
bearings for Ughtness and quick replacement facilities. 

The sizes of aeroplane wheels vary from 10 inches in the case 
of the wing-skid tip wheels up to 32 inches for very heavy 
machines, the standard size for monoplanes and biplanes being 
about 26 inches by 3 inches. (Particulars of Palmer sizes of 
wheels and tyres are given on p. 17.) 
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A section of an aeroplane undercarriage wheel is given in 
Fig. 50, showing the method of taking lateral stress by means of 
four rows of well-splayed spokes and the long bushed hub for the 
axle bearing. 

The wheels are usually fitted with detachable celluloid metal, 
or canvas discs, to minimize head resistance. The larger the 
diameter of the wheel and the greater its width, the better is it 
adapted to traversing rough ground; the use of wheels in parallel 
or in tandem enables the machine to travel over rougher ground, 
owing to the hollows and crests being *' bridged " over better. 

It should be here mentioned that the lower the normal landing 
speed in still air, and the lighter the total weight of the machine, 
the lighter will be the landing chassis, in construction and weight, 
and the smaller the section, though not necessarily the diameter, 
of the wheels. 



CHAPTER VIII 

MECHANICAL PRINCIPLES INVOLVED IN 

AEROPLANE DESIGN 

1. HOOKE'S LAW. 

This states that within the limits of elasticity the strain pro- 
duced by a stress is proportional to that stress. This may be 

written ^ = 2» where p is the stress, E the modulus of elasticity, 

X the extension produced in a bar of initial length /, by the 
stress /). 

For mild steel E = 13,000 tons per square inch, so that a 
stress of i ton per square inch produces an elongation in a bar 
of Ysiif^ of its original length; in the case of wood, the moduli of 
elasticity vary from 400 to liooo tons per square inch. 

Thus, for ash E = 730 tons per square inch, 
whilst for spruce E = 50o ,, „ „ 

[Other values are given in Appendix I.] 

2. POlSSON'S RATIO. 

The transverse contraction e, due to the elongation of a bar 
under tension, is given by — 

_p \__x I 
^~Ecr"7 V 

where o- is a coefl&cient varying from 3 to 4 for metals, the reci- 
procal of this coefficient being known as Poisson's ratio. 

3. SHEAR STRESS. 

If </> = angle of shear, q the shearing stress producing this, and 
C the modulus of rigidity, then 

The value of C, which is equal to the shearing stress divided by 
the shearing strain, is about two-fifths that of E. 

106 
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4. VOLUMETRIC COMPRESSION. 

If three stresses p, acting in directions at right angles upon 
a body of initial volume V, and cause a diminution in volume 
by an amount v, then 

where K is a constant for the material known as the ** bulk 
modulus." 

The cubic strain produced is three times the linear strain in 
any one direction. 

5. RELATION BETWEEN ELASTIC COEFFICIENTS. 

The three elastic coefficients E, C, and K, which are concerned 
with the tensile, shear, and volumetric properties of a body, 
respectiv^y, are related as follows : 

i=4 + ^ 



E"3C^9K* 

6. WORK DONE IN EXTENSION AND SHEAR. 
Using the same notation as before — 

(a) Work done per unit of volume in tension = r^. 
(6) Work done per unit volume in shear = ^. 

PROPERTIES OF BEAMS. 
I. Simple Bending Stresses. 

In the case of a beam subjected at any given section to a 
bending moment M, the following relation holds: 

^_E_M 

y-R-r 

where p is the tensile or compressive stress at a point situated 
at a distance y from the neutral axis (Fig. 51) of bending (which 
passes through the C.G. of the section), E is the Elastic Modulus, 
R the radius of curvature of the bent or deflected beam, and I is 
the moment of inertia about the neutral axis of the area of section. 

If M is in pounds-inches, I in (inches)*, and y in inches, then 
p will be in pounds per square inch. 

If M is in kilogrammes-centimetres, I in (centimetres) ^ and^r in 
centimetres, p will be in kilogrammes per square centimetre. 

The greatest stress occurring is when ^ is a maximum; it is 
equal to half the depth of the section in symmetrical sections, 
and for materials in which the ultimate tensile and compressive 
stresses are equal. 
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The Strength Modulus is the ratio , and is usually denoted by 
the letter Z. 

Then /> = 2' 

In all beam calculations, the value of p, the working stress is 
fixed by the factor of safety, and is usually taken as the ultimate 
stress divided by the factor of safety, but in some cases the 
elastic hmit decides the value of the working stress taken. 



XJL 



Fig. 51. 

Values of the moments of inertia are given in Tables XV. and 
XVI. for the sections illustrated in Fig. 52. 

XV. — Moments of Inertia of Souds. 



Type of Body. 


Momenta} 

Inertia. 


Radius 0} 

Gyration. 


axis. Masa=M. radiu3=r 


Mf» 


7S 


axis. Mass = M, major axis=a, minor 


M«"+62 




Sphere about a diameter 


1" 


Vf 


Rod of length I about perpendicular axis 
through centre 


Mi" 




Rod of length ( about perpendicular axis 
through end 


UP 
3 


7! 


Cylinder about perpendicular axis. 
Radius -f 


Mr" 


75 


Cone about axis perpendicular to its 
height I through apex 


Mf 
3 


73- 
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XVI. — Properties of Sections. 



No. 



8* 



9 
Ellipse 

10 



II 
Para- 
bola 



Moment of Inertia 

about Dotted Axis I 

through C.G, 



12 



36(6 + 6!) 



a = 



drb+ 261 



+ 61 J 



6(^3 d 

36 3 



a' 



Radius of Gyration 

I 
A' 



-v: 



o«289(2 



/ 62+466, + V 
V i8(&+6i) (261+6) 



0-2357^ 



0'456a 



0*2893 



12 

l[6(V-/^)+ ^ 

6i(/3+a32)] 
_ 66^2 + 61^^(^-1-63) 

^l""2[6d-(6-6i)^l] 

bdr^-(b-bi)di^ 

12 
where (^= 2a + rfj 



64 



v/ 



6d2^(6j-6i)^i2 
i2[6^-(6-6i)di] 



eV-^ 



16L8 9irJ 
=0'Oo69<f* 

a=--=o»2i22rf 
3^ 



_8^ 
175 



6A3 



0'2$d 



0'25d 



©•132^ 



0*2619^ 



Strength Modulus 
Z. 



6<ia 



^2[62^ ^66^ + 6^2] 

i8(6+6i) 



6^ 
18 

5«^ 



8 



a^^2 



12 



I 

^1 


^""^ d^^J 


6^3 


-(6-6i)di3 




6^ 




T(i3 




32 




r6rf2 




32 


I 

a 


and^^ 
2-^ 



* For an annular circular section for which outside diameter =(2, 
and inside diameter s^^: 
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K — i^— H 




u 



b'. 

2" 






® 




a 






f 



i 



U 



T 
a 



^b^ 






i 



-A- 



® 



-ti 



I., 



F- 
1 













h-b^ 




® 




© 



Fig. 52. — Moments of Inertia of Areas. 
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METHOD FOR FINDING THE LEAST RADIUS OF GYRATION. 

Consider as a concrete case an angle-section as shown in 
Fig- 53- 

Let Ir and I^ be its moments of inertia about axes YY and 
XX at right angles through the centre of gravity of the area. 

Consider any other axis PP making an angle a with OX, then 
by a well-known Theorem — 

Iop=I.COS*a + Iy8in*a— 2 I:^BinaCOSa, 

where I^y is the product of inertia about the two axes, and is 
sero when the axis OP passes through the centre of gravity, as 
in the case considered. 



' Y 

FIG. 53. 

If tx, fy, and rp be the radii of gyration corresponding with the 
moments of inertia I., ly, and I^ respectively, and jf the values 

-, -, and - be plotted, each along its axis, as measured from 
Tx fy r^ 

O, then an ellipse can be drawn through the points so obtained; 
this is called the "momental ellipse," The major and minor 
axes of this ellipse give respectively the reciprocals of the maxi- 
mum and minimum radii of gyration. 

GRAPHIC METHOD FOR MOMENTS OF INERTIA. 

Moments of inertia may be easily obtained for any given section 
by the following polar method: 

Let ABC (Fig. 54) beany area; it is required to find its moment 
of inertia about any Une GO. 

Draw a series of Unes similar to ef, parallel to OO, and take 
a fixed base line MN parallel to OO at a distance d from it. 
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Project ef on to base line MN in ah, and from a point £ in 
OO project radially the points a and h to e^ and/^. 

If this process be repeated for all points similar to e and /, a 




Fig. 54. — Graphical Method for Moments of Inertia. 

closed curve AxB^Ci will be obtained, made up of points like 
^1/1. This is called the *' first moment curve," and we have — 

-- . . Kx^n X. ^ r^r^ ( area of first moment curve 

Moment of area ABC about OO = - . t. ^ , 

( ABjCi X a. 




Fig. 55. 

If this process be repeated for the first moment curve, a series 
of points Uke ^g, f^ will be obtained, which lie on the closed curve 
AB2C2, which is termed the "second moment curve/' and we 
have — 
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Moment of inertia of ABC about OO = 



area of second moment 



curve AB2C2 X d^. 

If the moment of inertia be required about an axis through the 
C.G. parallel to OO, and if h is the perpendicular distance from 
the C.G. to 00, then- 
Moment of inertia of area ABC about C.G. = i ^^^ * t?^ , o 

( area ABC x h^. 

By choosing the axis OO to coincide with the neutral axis, 
through the C.G. of section, the method may be simplified, and 
the fixed base Unes can be chosen at the extreme points of the 
sections away from the C.G. 

An example of first and second moment curves drawn in this 
way is given in Fig. 55. 




O 



The first moment curve gives to scale the strength modulus of 
the section. If in Fig. 55 A = area of either first moment curves 
(since these are equal), and ^= distance between their respective 
centres of gravity, then the strength modulus is given by — 

Z=A xd. 

MOMENTS OF INERTIA ABOUT PARALLEL AXES. 

If Ig be the moment of inertia of a body of mass M (or an area A) 
about an axis A A through its C.G. (Fig. 56), then the moment oi 
inertia Iq of the body, or area, about a parallel axis OO, situated 
at a distance d from it, is given by — 

Iq=zIq-{-M- d^ for a solid body, 
and lo = Ig + Arf^ for an area. 

ECONOMICAL BEAM SECTIONS. 

The weight of a beam of constant section is proportional to its 
sectional area, whilst its resistance to bending is proportional to 
its strength modulus. 

8 
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The most economical form of beam is that in which the ratio 



strength modulus . 



area 



IS a maximum. 



For a given area, the greatest strength modulus is obtained by 
massing the material as far away from the neutral axis as possible, 
the I and T sections being good examples of economical sections. 

In beams of these sections the flanges may be considered as 
taking all of the direct bending stresses, whilst the vertical web 
resists the shear. 

In the case of cast iron, this material is abgut five times as 
strong in compression as in tension; whilst with most timbers 
the tensile strength is about 50 per cent, higher than the com- 




FiG. 57. 



pressive strength; for example, in the case of ash /<= 12,000 to 
17,000, whilst /c= 8,500 to 9,500 pounds per square inch. In 
order to design the most economical sections for such materials, 
the following method must be employed : 

Let At and Ac be the areas of the tension and compression 
flanges respectively, and ft and /<? the working tensile and com- 
pressive stresses. Further, let h (Fig. 57) be the depth of the 
section as measured between the flanges. Then if the vertical 
web is of small area compared with the flanges — 

ft • At =fc Ac, 
and M =/< At • h =fc Ac • A, 

where M is the bending moment. 

If A = area of the vertical web, and /« be the working shearing 
stress — 

A./s=F, 

where F is the total shearing force on the section. 
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The area A so calculated has to be made rather greater, for certain 
practical reasons, connected with the construction; it will generally 
be found that the web area so calculated gives too thin a web. 

In designing beams of the greatest bending strength for a given 
weight, the working stresses at the outermost fibres for com- 
pression and tension should be checked, as one may lie within 
the working value, and thus give a somewhat heavier section. 

From a knowledge of the values of the bending moment at 

different sections along the beam, the most economical sections 

to resist these bending moments may be chosen; thus, in the 

M 
relation /?= ^^ the greatest economy of weight occurs when p is 

constant and equal to the working stress, then ZccM, that is, 
the Strength Modulus, is proportional to the Bending Moment. 

Thus, in the case of a cantilever beam loaded with a weight 
at the outer end, the bending moment for any section is propor- 
tional to its distance from the load, and the strength modulus 
will also vary as this distance. If the beam is of rectangular 
section of breadth h and depth d, then the strength modulus 

will be -T-', and if the breadth of the beam be constant, its 
6 

depth will follow a paraboHc law, so that in side elevation, or if 

the top surface be flat, the under surface will be a parabola 

from the load to the fixing of the cantilever; the vertex of this 

parabola will be at the load. 

In the case of a uniformly loaded cantilever, the most econom- 
ical beam will be triangular in shape, in side elevation, with the 
apex at the free extremity, the breadth being constant. 

Ordinary parallel beams are extremely uneconomical, and in 
all cases the depth or breadth of the section should be so chosen 
within practical Umits of construction, that the strength modulus 
is proportional to the bending moment, in order that the working 
stresses may be constant for all sections. 

INTENSITY OF SHEARING STRESS IN BEAM SECTIONS. 

It is of importance in examples of built-up spars, beams, and 
girders to allow for the shearing stresses in both normal section 
planes and at right angles to these planes, that is, in planes 
parallel to the neutral plane of bending. It is the shear stress 
in this latter longitudinal sense which determines the strength 
and proportions of the rivets in built-up girders, and of the glued 
or welded joints in other examples. 

The following general expression gives the distribution of the 
shear stress in any section of a loaded beam, both in the section 
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itself and in a plane at right angles to the section, both values 
being the same: 

^- bl ' 
where S = the total shearing force at the section, 

A =area of section above point considered in the section, 
yo = distance of the C.G. of the area, above the point con- 
sidered from the neutral axis, 
b = width or breadth of beam, 
I =its moment of inertia about neutral axi^. 



kb 



i 



^ 




« 

Fig. 58. — Distribution of Shear Stress in a Beam Section. 

Reference to Fig. 58 will serve to make the application of this 
formula more clear. Here the shearing stress intensity along 
the plane AB is given by — 



6-1 



b' —b-d^ 
12 



b(P 



This stress is a maximum when y=0, that is, at the centre, 

and zero the extreme edges distant ~ from centre. 

2 

The maximum stress is then - • r^ at the centre, and is one 

2 oa 

and a half times the mean stress over the whole area. 

For a circular section the maximum stress is 4 of the mean. 

3 
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In I beams, where the web is thin, and the value of b in the 
formula is small, it will be seen that most of the shear stress 
comes upon the vertical webs, and is nearly uniform over the 
web; this is the reason why the flanges are often neglected in 
considering the shear stresses, whilst the webs are similarly left 
out of account in dealing with tensile and compressive stresses 
due to bending. 

It should be remembered in considering built-up beams, in 
which the flanges and web are made separate, but are joined 
together by rivets, glue, soldering, or welding, that the joint 
must be made strong enough to withstand with safety the 
shearing stress in a plane parallel to the neutral plane of bending, 
as determined quantitatively by the above method. 

BENDING MOMENT AND SHEARING FORCE. 

The bending moment and shearing force diagrams are given 
in Figs. 59 and 60 for some typical loaded beams, and the maxi- 
mum values are tabulated, together with the greatest deflec- 
tions. 

For a beam loaded in any manner, the diagrams* of B.M. and 
S.F. may be obtained graphically by making use of the relation — 

where F is the shearing force at a point distant x along the beam, 
from some chosen fixed point, or origin. 

The bending moment curve is obtained by integrating the 
shearing force curve, and the shearing force curve is obtained by 
integrating the loading curve; for 

F= a;, -d;!?, and M= F-d^= \wx' dx, 

where Wx is the loading at x. 

An example of the application of this method is given in 
Fig. 61 for the case of a beam irregularly loaded, as shown in the 
upper diagram. 

To obtain the bending moment curve, divide the loading 
curve into a number of parts by means of the vertical dotted lines 
shown. Consider the weight of each part to act at the C.G. of 
that part, and to be represented by the forces/^, gh, etc. 

Let Ri and R2 be the reactions at the supports, the magnitude 
of which are required. 

Next draw the polar diagram O/m shown in the right-hand 
corner, by drawing the vertical line /w, making fg, gh, hj, 
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Table XVIL 



Maximum Bending 
Moment. 


Maximum Shearing 
Force. 


Maximum Deflection, 


x = Wl 


y-W 


W/3 

3E1 ^* w. 


^-2 

W/ 

2 


y=wl 
=W 


8E1 

°^ 8EI ^* W- 


W-ab 


W6 
Wa 

^- r 


Wa262 
3Ei(a+6) 


W/ 
^=8 

~ 8 


w 

tt;/ 

2 


5W/3 
384E1 

°' 384E1 


;r=^(W+fi;) 


y = j{W+w) 


— 


W/ 
^=8 


W 

>'=2- 


384E1 
°'' 384Ef 
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jk, kl, and Im proportional to the respective forces fg, gh, hj, 
jk, kl, and Im, Choose any pole O, and join Of, Og, etc. From 
O draw Ox perpendicular to fm. 



iiil«'.iUW«t^i 



aSBBMBBE 



Lociding 



5 hear and 
6. M. Diagrams 



W- urJ/ 
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yfMffilP^ 



Fig. 6o, 



To draw the bending moment curve, draw ab parallel to O/, 
be to O^, and so on until the last line tv is parallel to Om, and 
ends on the line of the resultant R2. Join av, and in the polar 
diagram]draw Or parallel to av. 
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Then avtsedcb is the diagram of bending moments to a 
certain scale, which is found as follows : 

Using English units, let the linear scale of the beam be such 
that I foot is represented by z inches; let the load scale be such 

Table XVIII. 



Maximum Bending 
Moment, 



Maximum Shearing 
Force, 



x = 



12 

W/ 
12 



x=Wl 



3W/ 



X2 = 



Wl 



X, = 



W/ 

8 



W/ 

^2= 8^ 



W- 



ab Wc 



a + b 




Maximum Deflection. 



I92£i 



W/3 
3E1 



at centre. 



W/3 
107E1 

0-447/ 



at 



W/3 



185E1 
0-421/ 



at 



3Ei(a+6) 
8E1 



that I pound is represented by y inches. Then, if x be the polar 
distance Ox in inches, the bending moment scale will be such 

that I pound foot is represented by — inches or, in other words. 



I inch will represent — pounds feet. 
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From the polar diagram, the values of the reactions Rj and 
Rg are represented to scale by/y and mr respectively. 

It is usual to replot the bending moment diagram upon a 
horizontal base. 

The line of action of the resultant force R, due to the loading, 
is given by the intersection at p of ah and vt produced. 




VI 
qUUi 



'"'ll'Ii 






ii 
li 



I 



Fig. 61.^ — Graphical Method for B.M. and S.F. 



The shear diagram may be obtained from the load diagram by 
graphic integration, or more easily obtained by setting CD down- 
wards and equal to Ri, whilst AB is set upwards and equal to R2. 
At each line of loads, such as EF, the shearing force is reduced 
by an amount equal to the load itself (or in the case considered 

by/^). 

The greater the number of vertical load diagram sections 
taken, the more accurate will be the results, and the more con- 
tinuous the curves, as shown dotted in the shearing force diagram. 

This method is applicable to the case of spars or surfaces under 
air pressure or load, such as the rib of an aeroplane Wing, tail 
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plane, fuselage, or other loaded surface, and the end reactions, 
centres of pressure, bending moment, and shearing force diagrams 
may be readily obtained. An example of the use of this method 
is shown in Fig. 21. 

It should be remarked here that the slope and deflection 
diagrams may be obtained by a similar method to that outlined 
by treating the bending moment as the load curve, and integrating 
this graphically; an example is given in the next paragraph. 

DEFLECTIONS OF BEAMS. 

If the bending moment on a beam be constant, the radius of 
curvature of the bent beam will also be nearly constant, and will 
be given by — 

If u denote the deflection of a beam perpendicular to its 
initial length, or span, and if 6 be the angle of slope of the beam 
at any point x along the beam, then 



4 

u=\6' dx—\\ gj- dx. 



These relations enable the slope and deflection to be obtained 
for any manner of loading, provided that the bending moment be 
known at any point along the beam. 

Grraphical Method. 

The deflection at any part of a loaded beam may be calcu- 
lated from the relations given above, involving the use of the 
integral calculus; the deflection at each point has to be separately 
estimated, and this is a tedious process, except in the simplest 
cases. 

The graphical method enables the deflections at all points along 
a loaded beam, no matter how complicated the loading is, to be 
determined in a very simple manner. 

In Fig. 62 the upper diagram represents the B.M. diagram, 
for any system of loading, obtained by the graphical method, 
given upon p. 117. 

Divide the B.M. diagram into a number of equal parts by the 
verticals shown dotted; the greater the number of these parts, 
the more accurate and continuous will be the deflection curve 
obtained. 

The mid-ordinates AB, BC, etc., of the B.M. diagram divided 
up by the dotted lines are then set down to a convenient scale 
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along the vector line ahcdefg (Diagram i), where ah repre- 
sents AB to scale, and so on. Any pole O is chosen, at a con- 
venient perpendicular distance OH from the vector line. Join 
Oa, Ob, Oc, etc. Next draw HJ parallel to aO (Diagram 2), 
the point J lying on the mid-ordinate AB produced ; then draw 
JK parallel to 60, KL parallel to cO, and so on for the other 
vector lines. Join HQ. 



BENDING 
MOMENT 
DIAGRAM 




DEFLECTIONI 
DIAGRAM I 

S 




VECTOR DIAGRAM 



Fig. 62. — Graphical Method for Deflection of Beams. 

Then HJKLMNPQ is the deflection diagram, and the 
vertical distances between HQ and the rest of the diagram 
represent the deflections of the beam at the points considered, 
under the given system of loading corresponding with the B.M. 
diagram given. 

For convenience the base HQ is usually drawn horizontal, 
and the diagram then becomes the one shown shaded in 
Diagram 3. 



SCALE OF DEFLECTION DIAGRAM. 

The scales, in graphical methods similar to the above, usually 
give some trouble at first, but a little practice will accustom the 
student to the methods employed. 

In the above method, let d be the distance between the mid- 
ordinates measured from the diagram itself in inches. 

Let the linear scale of the B.M. diagram be i inch=;r feet, and 
the B.M. scale be i inch =^y tons feet. 
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Further, consider the vector diagram to be drawn, so that each 

portion, such as 06, is - of the B.M. ordinates AB; or, in other 

words, let AB = n' ab. 

Then i inch on the vector scale represents n'X'yd tons feet^; 
let this quantity nxyd=Z, 

Next let OH be the polar distance measured in inches, and E 
the modulus of elasticity of the material of the beam in tons 
per square foot; also let the moment of inertia of the section 
about the neutral axis be I, expressed in (//)* units. 

Then the scale of the deflection diagram is such that i inch 

= - --p. J - feet deflection. An example will make the question 

of the scales more clear. 

Example. — A beam of white pine 12 feet long, i inch wide, and 
2 inches deep, is supported at its ends and loaded with a weight 
of 60 pounds at its centre. Draw the deflection diagram, and 
And the deflections at the centre and for a point situated 6 feet 
from the centre. 

For white pine £ = 1,900,000 pounds per square inch, and for 

the given section I = — hd^ =0'66 inches*. 

Hence EI = 1,900,000 xo*66 = 1,266,666 pounds inches^ units. 

The B.M. diagram is shown in Diagram A, Fig. 63, the linear 
scale being i inch =2 feet, and the B.M. scale i inch =2,000 
pounds inches. 

The vector line a^ is drawn to the same scale as the B.M. 
diagram, without reduction or increase. 

Then i inch down the vector diagram represents 

nx, y, d pounds inches^ = i x 24 inches x 2,000 x i inch 

= 48,000 pounds inches2=Z. 

Since the polar distance OH =2 inches, it follows from the 
previous considerations that the deflection scale for the deflection 
diagram, drawn as shown in C, is such that 

, X • OH • Z 24 X 2 X 48,000 . , 

I mch = — w, = — i — ^^ T. A — mches 

EI 1,266,666 

= 1*82 inches deflection. • 

The maximum deflection in the diagram is at the centre, and 
scales 1*60 inches. This therefore corresponds with an actual 
deflection of i*6o x 1*82 =2*93 inches at the centre of beam. 

For a point situated at 3 feet from the centre the deflection 
diagram scales 1*15 inches, which gives an actual deflection of 
I -15 X 1-82 =2-09 inches. 
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FACTORS OF SAFETY FOR BEAMS AND STRUCTURES. 

In calculations of stresses upon beams or structures the assump- 
tion is made that the strains resulting are proportional to the 
stresses, and it is the elastic limit of the material which limits 
the accuracy of the methods based upon such aesumptionB. 







Fig, 63. — GitAPHiCAL Method for Deplectjons 



Beams. 



The factor of safety chosen should take into account the rela- 
tion of the elastic hmit to the ultimate breaking strength, and 
should be also chosen to cover the inaccuracies of construction, 
deterioration, and themanner of load application. 

The table on p. 127 indicates values of the factors of safety 
under the conditions stated : 

In certain materials, such as the high tensile alloy steeb, the 
elastic limit is a higher percentage of the ultimate strength than 
in ordinary steels, and a lower value for the factor of safety 
may be used. In the case of timbers the factors of safety are 
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always taken as being higher than in the case of metals; this is 
owing to the fact that the strength of timber depends upon its 
previous history, place of growth, seasoning, etc., all of which are 
uncertain factors. 

Tables of working stresses for wires and rods of mild steel are 
given at the end of the book, to suit the varying conditions of 
loading'. 

Table XIX. — Factors of Safety (Perry). 



Struciures 

subjected to 

Shock, 



Wrought iron and steel 

Cast iron . . 

Timber 

Brickwork and masonry 




10 to 12 

15 

20 



BREAKING LOADS OF BEAMS. 

The breaking load W pounds of a rectangular-sectioned beam 
of length / feet, breadth b inches, and depth d inches, supported 
at the ends and loaded at the middle, is found to be fairly accu- 

c * bd^ 
rately represented by the relation W = — j — , where c is a con- 
stant which depends upon the material of the beam, and which 
is usually -^/, where / is the weaker of the bending stresses, 

either tensile or compressive. 

The following values of c may be employed with this expression : 

Table XX. 



Material, 


C. 


Deflection Constant, 


/\oU •• •■ •• •• 


675 


0*000260 


English oak 








557 


0*00030 


Fir 








370 


0*0005 to 0*0002 


Larch 








284 


0*000400 


Deal 








600 


0*000250 


Elm 








337 


o*ooo6oo 


Red pine . . 








450 


0.000230 


Pitch pine. . 








544 


0*000350 


Beech 








518 


0*000300 


Mild steel . . 








6,400 


0*000013 


Cast steel . . 








10,000 


"~~ 
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The deflection constant may be employed in place of c 
to calculate the deflection in inches at the centre at break- 
ing. 



CONTINUOUS BEAMS. 

When a beam possessing flexibihty rests upon more than two 
supports it is said to be continuous. 

The pressure upon the central support in the case of a uni- 
formly loaded beam of uniform section and with equal spans 

may be computed by first finding the deflection -^-wt of the 

beam with the central support supposed absent, 2/ being the 
span and w the loading per unit length. 

Next imagine the central support raised until it lifts the beam 
off the two end supports, considered as a double cantilever; the 



deflection as a cantilever will be 



8EJ- 



I {jji 




t^ 



B rN. 





2i 



Fig. 64. 

The pressure of the central support increases from zero 
(Fig. 64) in position A to the value required at B, and then to 
the maximum 2wl at C, when it takes all the load. Evidently 
the pressure on the central support at B will be 



-X of 2wl = ~wl, 
^^ 5_ 4 

8"^24 

The pressures upon the end supports are then ^l each. 



BEAMS WITH SUPPORTS OUT OF LINE. 

The method here considered is applicable to cases of continuous 
beams in which the three points of support are not quite in the 
same line, as in the case of an aeroplane spar, where cable 
stretch or misaUgnment may occur. 
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If the central support be either above or below the level of the 

other supports by a small amount denoted by 8, then the pres- 

ivl 
sure upon the central support will be — (5 + 24S) when the 

4 

71)1 

support is above, and - (5 — 248) when below the level of the 

, 4 

other supports. 

THEOREM OF THREE MOMENTS. 

If A, B, C be three consecutive supports of a continuous beam, 
considered as being upon the same level, and if lab and he be 
the lengths of the spans AB and AC respectively, and further if 
Ma, Mb, and Mc be the bending moments at the three respective 



A ^at 



B 



^bc 



^cd 



M, 



M 



B 



U 



M, 



I 



be 



M, 



L 



Fig. 66. — Continuous Beams. 



supports, then if Wat and Wbc be the loadings of the spans AB 
and BC, there is a general relation between these quantities, 
expressed thus : 

(Ma ■^2Mb)/«6 + (Mc + 2Ms)lbc + -"^ ' l^ab + ^' ' Pbc = O. 

4 4 

If there be another consecutive support D, then, employing the 
above notation for the supports B, C, and D the above relation 
becomes — 

(Mb + 2Mc)/6. + (Md + 2Mc)ldc + -- • Pbc + ^'^ • Pod = O.- 

4 4 

From these two relations, and knowing the terminal conditions, 
the values of Ma, Mb, Mc, and Md may be determined. 

Usually at the extreme supports the bending moments are 
zero, and the process of finding the other moments is simplified. 
It will be noticed that if there are n supports, there will be 
(« — 2) equations for finding the support moments, and 2 terminal 
conditions. 

A continuous beam is usually much lighter than a series of 
separate beams bridging the same spans, and further, as the 
greatest bending moments occur near the supports,, the weight 
of the beams may be concentrated there, and thus cause less 

9 
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bending, since in long beams tbe weight of the beam itself ie a 
serious factor. 

The disadvantage of continuous beams is that if the points of 
support yield, the stresses and moments are altered, and if a 
beam be designed upon tbe assumption of the same level eerious 
consequences may arise, since very small changes in level will 
produce appreciable alterations in stresses. 

This defect may be eliminated by hinging the beam at tbe 
points of inflexion — that is, where the bending moments are zero — 
then any change in level of the supports will not produce any 
change in the stresses. 



|J"1 »"!■ i^\ 
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Fig. 67. 

Examples of continuous beams with three supports, together 
with the bending moment and shearing force diagrams, are 
given in Fig. 67. The pressures upon the supports are also 
given.* 

A useful method of expressing the reactions of the supports 
and the shearing forces to the right and left hands of the sup- 

• The subject of continuous beams is treated in a paper by Peiry 
and Aynaa, Proceedings of the Royal Society, 1879; and in Fidler's 
" Treatise on Bridge Construction." 
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ports* is given in Fig. 68. The figures above the lines give the 
values of the moment coefficients, which, when multipUed by 
wP, give the bending moments. Below the lines are given the 
shearing force coefficients, which, when multipUed by wl, give 
the shearing forces to the right and left of the support. The 
numerical sum of the shearing forces at each support gives the 
reaction at the support. 

o 
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Fig. 68. 

From this data the diagrams of bending moment and shear 
may be obtained for continuous beams with any number of 
supports. 

STRUTS AND COLUMNS. 

1. Short Stmts, in which the ratio of the length to the smallest 
sectional dimension is small, may be treated as simple compres- 
sion members, the relation between the crushing load P, the area 

p 

of cross-section A, and ultimate compressive stress /«, being/. = -^ , 

A. 

2. Very Long Struts. — Euler gives the following formulae for 
very long struts, subjected to purely axial loads, straight and 
homogeneous. 

If P be the buckUng load, E the modulus of elasticity for the 
material, I its least moment of inertia about an axis in the cross- 
section and through the centre of area of the section, and / the 
length of the strut, then 

«Tr2EI 

^ — - p ' 

The value of the constant n depends upon the manner of 
attachment of the ends of the strut. 

♦ Vide " The Strength of Materials," by Ewart S. Andrews. 
(London: Chapman and Hall, Ltd.). 
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Valus of n. 

1. If both ends are rounded so that the strut is free to 

incline in any direction . . . . . . . . i 

2. If both ends are fixed and forced to remain parallel 

the direction of thrust .... . . . . • • 4 

3. If one end is fixed, and one rounded, but not free to 

move sideways . . . . . . . . . . I 

4. If one end is fixed, and one rounded, but free to move 

sideways . . . . . . . . . . . • i 

5. If both ends are fixed in direction, but one end free to 

move sideways . . . . . . . . i 

Euler's formula is only applicable where ^ 7 — 3^—^-1 rv— 

"^ ^'^ least radms of gyration 

is greater than 90; this formula requires modification in practice, 

but is useful in showing the importance of a large moment of 

inertia for the strut section, and high Modulus of Elasticity. 



THE RANKINE-GORDON FORMULA. 

This formula is a modification of the two previous methods, 
to take into account struts of all lengths, and it may be regarded 
as an empirical formula with experimentally determined con- 
stants, although based upon rational methods. It is generally 
expressed as : 

where fc is safe compressive strength for short columns, p the 
working stress per square inch for the strut, and c is constant 
depending upon the material, k being the least radius of gyration, 
values of which for various useful sections are given in 
Table XXII. 

The values for the constant C and for/c, experimentally found, 
are as follows : 







Table XXI. 




Material, 


C. 


u 


Mild steel 
Cast iron 
Timber . . 


• • • • 

• • • • 

• • • ft 


• • 

• • 

• • 


tAv to r^ 
¥Tmr 


6 tons per sq. in. 

7 »» »» »» 
i ton „ 



The values of the constants vary according to the published 
figures of different authorities, but the above are given as repre- 
senting the more reliable of these. 
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In applpng Euler's formula to long struts, it should be remem- 
bered that P is the buckling load, and that this requires dividing 
by a suitable factor of safety in order to give the allowable 
working stress. 

For simple dead axial loads it is usual to take a factor of 
safety of 5 for iron or steel, 6 lor cast-iron, and for wood 10, 
since the homogeneity of the latter is always a questionable 
feature. For Hve loads thesef actors of safety should be doubled. 

In employing this formula it is useful to know the values for 
the least radii of gyration, for the common sections used, and the 
following table gives some of the more useful results : 

Table XXII. — Least Moments of Inertia. 





Least Moment 


Least Radius 




of Inertia, 


of Gyration, 


Circular section [diameter =Z)] 


0*05 £)* 


o»25 d 


Annular section [diameters =D and d\ 


0-05 (D* - d^) 


0-25 ^/D^-hd^ 


Rectangular section {'-f- -^^Z^ 


{,b^ 


0*289 d 


Square section [side =6] 


6* 
12 


0*289 b 


Thin square cell [side =6] 




0*408 b 


Thin circular cell [diameter = i] • 




0-354 d 


ElUptical section!^----} .. 


TTOb^ 

64 


o*444 b 


Equal angle iron [side =&] 




0*204 b 


Equal cruciform section [sides =6] 


— 


0*204 b 



The following values of the Moduli of Elasticity for timbers may 
be taken as correct : 

E = 18,000,000 for spruce. 
E = 16,000,000 ,, ash. 
E= 1,800,000 ,, hickory. 



THE TETMARJERSCHE FORMULA. 

This German expression for the strength of struts is given as : 

p 

r =K(i -a • x)x 14*2, 

where A = cross-section in square inches at which the greatest 

stress occurs, 

P= breaking or buckling load in pounds, 

^^ length 

least radius of gyration' 

K and a are constants whose values are given on p. 134. 
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Table XXIII. 






Materiai. 


K. 


A. 


Range for x. 


Wrought iron 
Cast iron . . 
Mild steel . . 
Wood 


3.030 
3,100 

3.350 

293 


0*00426 
0*00368 
0*00185 
0*00662 


10 to 112 

10 „ 105 

10 „ 90 

1*8 „ 100 



The " range ior x " column gives the limits between which the 
formula is applicable. 

There are several other strut formulae employed in practice, but 
these are more applicable to large steel and cast-iron stanchions. 



jZOOOk- 
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Fig. 69. 

CRIPPLING LOADS UPON STRUTS. 

R.A.F. Method. 

In connection with the compression stresses in the interp ane 
struts, and in the case of buckling loads upon the ** free lengths " 
of wing spars, the following formula, representing the results 
of R.A.F. tests upon pin-jointed ash and spruce struts, is given: 

F* A 
Crippling load in pounds = - 



I+ 



a*/2. 



where F = 5,600 pounds per square inch for spruce, 
SB 6,250 pounds per square inch for ash. 
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A =axea of section in square inches, 
/= length of section in inches, 
k = least radius of gyration of the section, in [inches]*. 

and a=a constant which depends upon the value of ;. 

Values of this contant are given in Fig. 69 for different values 

Another formula, given in the Aeronautical Journal, April, 191 2, 

for the crippling load s lbs. of spruce struts is S= 12,832 ^, 

where I = least moment of inertia of the section [inches]*, 
/= length of strut [inches]. 

STRUTS WITH LATERAL AND ECCENTRIC LOADS. 

It is well known that a small force applied to a loaded strut 
in a direction at right angles will greatly reduce the buckling 
load. For a fuller discussion of the cases of laterally loaded 
struts the reader is referred to a paper by Perry (Philosophical 
Magazine, March, 1892). 

The formula suggested in this paper, and which has been 
shown to yield accurate results, may be written 

where W = the total lateral load or force, 
/= length of strut, 
Z =the least modulus of the section, 

= , where y is the greatest distance of a point in 

the section from the neutral line on the com- 
pressive side, 
/c = maximum compressive stress, 
jS = Euler's breaking stress as given by the relation — 

12 . A ~^' 

and w = the actual breaking stress of the strut. 
The value of fc, the maximum compressive stress, is obtained 
from the relation — 

which expresses the fact that the total stress is the sum of the 
stresses due to the direct load F and to a bending moment fi due 

to the lateral loading, where /* = JW • / • xj^p, the symbols 

being the same as those previously given. 

Another method of adapting these results to practical cases is 
given on p. 136. 

In the case of eccentric loads, in which the distance of the 
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line of action of the load F from the symmetrical axes is denoted 
by e, the following formula may be employed for finding the 
equivalent central load F^ : 

where >^o = distance from C.G. of section to the edge of the section 
nearest to the load. 

In aeroplane practice struts are generally made of streamline 
section,* and tapered from a maximum cross-sectional area at the 
centre to a minimum at the two ends ; struts of this form do not 
usually break at the centre, although they are nearly always 
weaker than parallel struts. 

The Euler formula is deduced from considerations of the deflec- 
tion of the strut at the centre, so that if the deflection is reduced 
a stronger strut should result. 

Aeroplane struts are usually hinged or pivoted at the ends, 
but in such a manner that bending can only freely occur in the 
plane offering the most resistance — that is to say, the streamline 
major axis is in the plane of deflection. 

For a fuller consideration of the question of tapering aeroplane 
struts of equal strength for all sections along the length, reference 
should be made to an article in Engineering y April 24, 191 4, p. 566, 
entitled " Critical Loads for Ideal Long Columns " (Morley), and to 
the issue for October 2, 191 4, for an article entitled *' Critical Loads 
for Long Struts of Varying Section ** (Bairstow and Stedman). 

APPLICATION OF FORMULiE TO WING SPAR STRESS 
DIAGRAMS. 

From the diagram of bending moments, the points of zero 
bending moment (or inflexion) can be obtained. 

These points fix the ** free lengths " of wing spar. Each free 
length may be regarded as a strut in the case of a monoplane 
spar, or the upper spar of a biplane, subjected to a lateral loading 
due to the bending moment M at its centre. 

It can be shown by the method given on p. 135 that in the case 
of a strut with lateral loading and subjected to end loading due 
to the compressive load Fc of the bracing, the maximum bending 
moment produced by the combination of the two loadings is 
given by ^^ M 

Fe 

where M =B.M. at centre, 

Fc= compressive load. 

* In the volume entitled " The Properties of Wing Sections and tlie 
Resistance of Bodies," various streamline sections for struts are given, 
together with their resistances and strut values. 
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[In the case of a tensile load F/, as in the lower wing of a biplane, 

Ft 

p, becomes of positive sign in the above relation.] 

Fg is the buckling load of the free length under consideration, 
and is given by Euler's formula: 

F. = --'^-^' 

where E = the Elastic Modulus for the material, 

I =the least moment of inertia of the spar section about an 

axis in the plane of section through its C.G., 
/ = the free length of wing spar. 
If the buckling loads for the material of the wing spar be 
known for various lengths of the spar and for different cross- 
sections, the processes of calculation may be greatly simplified. 

Finally, knowing the equivalent bending moment Mo, the 
maximum compressive stress in the wing spar due to both bending 
and compression is given by 

^ Mo^Fc 
^^^Z'^A' 

where Z =the strength modulus of the section — namely, , where 

y is the greatest distance from neutral axis, and A is the area of 
section. 

This relation enables the area and dimensions of the section 
to be chosen for a given factor of safety. 

Approximate Method. 

A simpler method of arriving at the wing spar section dimensions 
is to regard the stress at any part of the section as being due to 
the compressive load and bending moment separately, and to add 
the stresses obtained on this supposition. 

If M = the bending moment, I the moment of inertia about 
neutral axis, and y the distance of the extreme fibre or point of 
section upon the compressive side, then the total compressive 
stress is given by 

where Fc = compressive load, and A = area of section. 

If, as in the case of the lower wing spars of a biplane, there 
is a tensile load F<, combined with a bending moment M (y 
in this case is the distance from the neutral axis to extreme 
fibre upon the tension side), the total tensile stress is given by 

Ft 
A' 



/«=^^+ 
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If any appreciable deflexion of the wing spar occurs, due to 
the bending moment, the end load will cause an additional bend- 
ing moment = F • d, where 5 is the deflexion and F the end load, 
so that when emplojdng this approximate method it is advisable 
to check the worst case for deflexion. Generally this deflexion, 
with the factors of safety now employed, will be found to be 
negligible. 

In practically every case the bending stresses will be found to 
be of much greater importance than the direct compressive or 
tensile stresses. 

An approximate method of taking into account the additional 
bending due to deflexion and end loading (compression) is to add 
to the bending moment M the product Fc • 2.d, the doubled 
product being taken to allow for the extra deflexion due to end 
loading. 

The deflexion d can be obtained graphically, as mentioned 
on p. 123. 

The maximum stress at the outermost fibre, taking deflexion 
into account, is given by 

J'^ Z "^A- 

In wing spar calculations, it is important to include the stresses 
due to the drift wires or bracing, and to add same to the loading 
stresses. 

STRESSES IN MEMBERS OF STRUCTURES. 

Graphical Method. 

A convenient method of finding the stresses is to draw the 
reciprocal figures or force polygons for each set of forces acting 
at a point. These may be superposed upon one diagram in most 
cases ; the advantage of this method is that it can be applied to 
structures in general, no matter what the directions of the forces 
may be. 

A simple example for a frame under vertical loads is given in 
Fig. 70. The notation known as Bow's notation is employed, 
in which the letters are placed in the spaces between the members 
and between the lines of action of the forces. Thus AG repre- 
sents the reaction force, BL the force in the member iiMicated. 

The polygon of forces is drawn for the joint ABL, and is 
represented by the letters abl in the force diagram shown on the 
right-hand side. Next, having found the force hi, and knowing 
ed, the force polygon is drawn for the joint BLJC, and so on, 
until the diagram is completed for the whole structure. 

To determine whether a member is in compression or tension, 
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the polygon of forces must be examined for one end of each 
member. If the polygon denotes that the force in the member 
acts towards the joint considered, then the bar is in compression, 
but if the force acts away from the joint it is in tension. 





Fig. 70. — Stresses in Frames. 

« 

Compression members are generally shown by double or 
thick lines, and tension members by thin Unes. 

When drawing the force polygon it is important to follow the 
same order in taking the forces, and to construct each side of the 
polygon in the same rotation, whether clockwise or anticlockwise. 
Thus, in the example given, at the joint BLJC, the forces are 
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Fig. 71. 

considered in the order BL, LJ, JC, and CB, and the force 

polygon for these forces is drawn in the anticlockwise direction — 

namely, bljcb. 

At each joint considered all known forces are dealt with first 

in drawing the force polygon, and parallel Unes are drawn to the 

unknown forces. The number of unknown forces at any joint 

must not exceed two, or the diagram cannot be drawn. 

An example for the case of a lattice girder is given in Fig. 71, 

which does not require further explanation. 
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In aeroplane and airship design the above-mentioned graphical 
method can be frequently apphed. Examples of the use of this 
method have already been given in the case of aeroplane wing 

structures. 

The Method of Sections. 

When the diagrams of bendit^ moment and shearing force 
have been obtained for any structure or beam, it is a fairly simple 
matter to find the stresses in the members. 



h 






Consider the case of an arched beam (Fig. 72), and imagine it 
cut by the plane XY, then for equilibrium of the structure 
forces A, B, and C must be applied to the three dissected members. 
If moments be taken about the point O, then 

AxA = B.M. at O. 

This B.M. ia obtained either from the B.M. diagram or by direct 
calculation, thus: 

. Axft = R*-Wi*i. 

The other two forces B and C have no moment about O, since 
they pass through this point. 
To find the force C, take moments about O], then 

CxAi=B.M. atO,, 

= R-j'-Wi^i-Wjyi,. 
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The third force B may either be found by taking moments 
about a third point O2, or by equating the vertical resoUites of 
the forces A, B, and C with the shearing force at the section as 
obtained from the shearing force diagram. 

Thus if 3a, Ob, and 6c be the angles made with the vertical 
Une XY by the members A, B, and C, and if S.F. denote the 
shearing force at XY, then 

S.F. =Acos^a-fBcos^6-f Ccos^ , 

since C and A are known, B can be deduced. 

In the case of a built-up girder, as shown in Fig. 73, the forces 
in the members may readily be found by this method. 
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Fig. 73. 



Thus if a section XY be taken as shown, then by taking 

moments about Oj 

A-rf = B.M. atOiOg. 

By taking moments about O3 

C • <i = B.M. at O3O4. 

Finally, by taking the vertical resolute of the force B in the 

plane XY, 

Bsin^ = S.F. atXY. 

The whole of the forces are thus determinate, and the 
stresses in the other members may be obtained in a similar 
manner. 

The stresses in vertical members may be obtained by consider- 
ing the section X^Yj to be slightly inchned, so that it does not 
quite coincide with the vertical member. It will then be seen 
that the stress in a vertical member is simply equal to the shearing 
force at the section. 
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TORSION OF SHAFTS. 

The following formulae are given for cases of shafts subjected 
to twisting moment : 

1. In the case of a circular shaft subjected to a uniform torque 
M, the shear stress qx at any radius x from the centre is given by 

2M 

The stress is a maximum when x=- the radius, and then 

i6M 

In the case of a hollow shaft of internal and external diameters 
di and d respectively i6Md 

^""nid^-di^y 

2. The angle of twist in the plane of the cross-section is given by 

a - 32M 32M 

respectively for solid and hollow shafts, where C is the modulus 
of rigidity (see p. ). 

3. The axial twist <^ along the length / of the shaft is given by 

^ d ^ 16M.B 



2/ ttC . / . d:3 



HORSE-POWER TRANSMITTED BY SHAFTING. 

The following formulae are deduced from the previous considera- 



tions : 



8 /Jj p 

rf = 2«88 /y/ i^-- for steel, 

8 /jj p 

^ =4*15 V ^— ^or cast-iron. 



where d is the diameter in inches of a sohd shaft which will safely 
transmit the horse-power H.P. at the revolutions per minute N, 
a factor of safety of about 5 is employed in these expressions; but 
in the case of torques of varying magnitude, as occurring in petrol 
engines, the maximum torques may be twice the mean, and an 
allowance must also be made for rapid repetitions of the torque. 
It is then better to use the formula — 



-^ V /gxN 



where /^ is the safe shear stress fixed by the material, the variation 
of torque, and its maximum value; usually with the high tensile 
steels of automobile practice factors of safety lying between 7 and 
10 are used. 
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SOLID AND HOLLOW SHAFTING. 

In aeronautical practice, where weight saving is of great 
importance, hollow shafts may be employed in place of soUd ones 
in all cases of bending and torsion, with the only disadvan- 
tage which may occasionally occur, that in exposed positions the 
wind resistance, even if streamhned or *' faired," may be in- 
creased. 

For shafts in torsion or bending the equivalent hollow shaft 
to a solid one may be deduced from the relation 

where <?=sohd diameter and dj, (^2= external and internal diam- 
eters respectively; it is possible to affect a saving of 50 per cent, 
of the weight in this respect, without a great increase in external 
diameter. 

Table H, Appendix I, given at the end of the book, will be 
found useful for design purposes where tubing is suitable for 
use, the full properties of the more generally used tube sections 
in steel and duralumin being tabulated. 

COMBINED TWISTING AND BENDING. 

Many instances occur in practice, often in cases of the trans- 
mission of power by means of shafting, in which the shaft is 
subjected to a bending moment M as well as a torque M. 

It is usual to express the combined effect of these two factors, 
either as an equivalent bending moment Mo, or an equivalent 
torque To, thus: 

Equivalent bending moment Mo = (M + n/M^ + T^), 

Equivalent twisting moment To=M+ VM* + T*. 

Either of these expressions may be used, but in the former case 
the shaft must be treated as a beam with a bending moment M©, 
and in the latter case as a shaft under a twisting moment To. 
In both cases the maximum stresses are approximately the same, 
although the resulting stress is a normal stress, whilst that given 
by the latter method of treatment is a shear stress. 

A common instance of the use of this formula is in the case of 
a propeller shaft driven either direct, by chain or gearing, in 
which the weight, pull of the chain, or pressure of the teeth give 
a bending moment in addition to the torque. 



APPENDIX I 

TABLES OF STRENGTHS AND PROPERTIES 

OF MATERIALS 

A. — Properties of Steels. 

B. — Properties of Metals and Alloys. 

C. — Elastic Coefficients. 

D. — Table of Working Stresses in Metals. 

E. — Properties of Timbers. 

F. — ^Moduli of Elasticity for Timber. 

G. — ^NoTES UPON Timber Strength. 

H. — Properties of Steel and Duralumin Tubes. 

I. — ^Working Loads for Mild Steel Rods, Wires, Pins, and 
Bolts. 

J. — ^Areas of Mild Steel Sections, Plates, etc. 

K. — Breaking Loads of Piano Wire. 

L. — ^Table of Relative Strengths for Weights. 
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B. — Propbrtibs of Metals and Alloys. 



Name. 



Aluminium: sheet 

cast . . 
Duralumin: wire 

rolled . , 

rivet bar 
Navaltum: rolled 

annealed 

cast . . 
Antox: cast 

rolled . . 

wire . . 
Magnalium: cast 

rolled . . 
Aeromin: rolled 

annealed 

rivet . . 
Copper: cast 

sheet . . 

wire . . 
Tin: cast . . 
Gunmetal (10 per 

cent, tin) 
Phosphor bronze 

wire . . 

soft .. 

hard . . 
Aluminium bronze 
(90 per cent, cop- 
per) 
Manganese bronze: 

cast . . 

rolled.. 



Tensile 
Strength. 



Tons per 
Square Inch. 

12 
8 

40 

25 
16 

25 
14 

9 
12 

25 

30 
8 to 12 

15 » 20 

18 ,, 20 

20 „ 25 

20 

13-4 
26*0 

2»0 

14 to 17 

100 „ 150 
20 

33 



25 to 32 



24 
30 



Elonga- 
tion. 



Per Cent. 



2 
20 

25 

5 to 10 
20 
12 

7 
4 to8 



10 
20 to 25 
15 >. 20 

50 to 60 
25 



I to 2 
30 

5 



Compres- 
sion 
Strength. 



Tons per 
Sq. Inch. 



30 to 35 



25 

6*7 

12 



58 



Modulus 

of 
Elasticity, 



12*5 X 10^ 



iO'5 X 10^ 



]l[ 



9*3 X 10® 

to 

io*3X 10^ 

9X 10^ 

12 X 10^ 

16 X io<^ 

4*6 X lo* 

9»9X 10® 



13*7 X io« 



17 X io« 



Specific 
Gravity, 



] 



2«67 
2«56 

2«8o 



2«50 

2*65 

2«50 

2«8o 

8«6o 
8«8o 
8«9o 
7-29 

8-46 



7.70 
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C. — Elastic Coefficients. 



In Pounds per Square Ifu>h, 



Material. 



Cast iron : white 
„ M grey 
Wrought-iron bar 
Mild steel plate 
Rivet steel 

Cast steel (untempered) 
Copper plate . . 
,, wire . . 
Phosphor bronze 
Aluminium : cast 



»f 



sheet 



Modulus of 
Elasticity (E). 



23,000,000 
15,000,000 
29,000,000 
30,000,000 
30,000,000 
30,000,000 
15,000,000 
17,000,000 
14,000,000 
12,500,000 
13,500,000 



Modulus of 
Rigidity (C). 



7,600,000 

5,000,000 

10,000,000 

13,500,000 

13,000,000 

12,000,000 

5,600,000 

5,000,000 

5,250,000 

3,400,000 

4,800,000 



Note, — The Modulus C is about f E for most metals. 
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F. — ^Moduli of Elasticity for Timber. 

In Pounds per Square Inch. 
Material 



Ash .. 

Beech 

Birch 

Cedar 

Ehn.. 

Spruce 

Larch 

Honduras mahogany 

English oak 

African oak . . 

Pine: red . . 

Pitch .. 

American 

Yellow. . 



Modulus E. 

1,600,000 

1,350,000 

1,500,000 

500,000 

700,000 

1,800,000 

900,000 

1,250,000 

1,450,000 

2,280,000 

1,850,000 

1,225,000 

1,600,000 

1,600,000 



G. — Notes upon Timber Strength. 

The strength of timber varies considerably, and is dependent upon 
the age of the tree, the season at which it is felled, its geographical 
situation, manner of seasoning, etc. 

The factors of safety employed for timber are higher than those 
employed for metals, in the ratio of 1*5 to 1*8 to i; for steady loads 
take 10. 

The Crushing Strength of timber may be approximately found from 
the relation : 

Crushing Strength in lbs. per sq. in. = Wt. per cu. ft. x 165. 

The Transverse Crushing Strength (that is, across the grain) is about 
one-quarter of the strength in the direction of the grain. 

The Shear Stress of timber may be taken as one-eighth of the tensile 
strength with the grain, and varies from 1,500 to 2,500 lbs. per 
square inch. 

The Modulus of Rigidity C for timber may be taken as varying from 
170,000 to 100,000 lbs. per square inch. 
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THE DESIGN OF AEROPLANES 



I. — Working Loads for Mild Stbbl Rods, Wires, Pins, and 

Bolts, in Pounds. 



_ 

Diam. 

in 
Inches. 


Diam. 

in 
Mini- 
metres. 


Dead Load. 


Load varying 

frequently from 

to Max. 


Load varying 

frequently from 

- Max. to + Max. 


Single 
Shear. 


Tension. 


Single 
Shear. 


Tension. 


Single 
Shear. 


Tension. 


A 


o«79 


8-5 


9-2 


4-9 


6-3 


2-4 


3-1 


A 


1-58 


33 


39 


21 


27 


10-5 


I3'5 


i 


3-17 


134 


158 


85 


109 


42 


54 


A 


4-76 


304 


358 


193 


248 


96 


124 


i 


6-34 


540 


635 


343 


440 


170 


220 


A 


7*93 


840 


995 


537 


690 


270 


350 


1 


9.52 


1,210 


1.430 


772 


990 


390 


500 


A 


II'IO 


1,650 


1.950 


1,050 


1,250 


530 


630 


i 


1 2*70 


2,160 


2,550 


1.375 


1,770 


690 


890 


A 


14-30 


2,740 


3.230 


1.740 


2,230 


870 


1,120 


f 


15-90 


3.380 


3.980 


2,150 


2,760 


1,080 


1,380 


U 


17-50 


4,080 


4.730 


2,600 


3.340 


1,300 


1,670 


i 


19-00 


4,850 


5.730 


3.090 


3.970 


1.550 


1,990 


« 


20-60 


5.700 


6,740 


3.630 


4,660 


1,820 


2,330 


i 


22-20 


6,600 


7.800 


4.210 


5.410 


2,110 


2,710 


H 


23-80 


7,600 


9,000 


4.830 


6,210 


2,420 


3.IIO 


I 


25-40 


8,650 


10,400 


5.500 


7,060 


2.750 


3.530 
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J. — Table of Areas of Mild Steel Sections, Plates, etc. 
Calculated for Tensile Strength o/25 Tans per Square Inch. 



Breaking Load 


in Pounds, 




Area in Square 
Inches, 


Area in Square 
Millimetres, 


50 










0*00089 


0-574 


100 










o»ooi79 


I-I54 


150 










o»oo268 


1*727 


200 










©•00358 


2*308 


250 










0*00446 


2*875 


300 










0-00536 


3-455 


350 










0*00625 


4*030 


400 










0*00715 


4*6io 


450 










0*00804 


5-i8o 


500 










0*00894 


5-760 


550 










0*00982 


6*330 


600 










0*01072 


6*910 


650 










0*01160 


.7-490 


700 










0*01250 


8*060 


750 










0*01340 


8*650 


800 










0*0x430 


, .9-240 


850 










0*01520 


9*800 


900 










0*01610 


10*390 


950 










0*01690 


10*900 


1,000 










0*01790 


11*550 


2,000 










0*03580 


23*080 


3,000 










0*05360 


34-550 


4,000 










0*07150 


46*100 


5,000 










0*08940 


57.600 
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THE DESIGN OF AEROPLANES 



K. — Breaking Loads of Piano Wire. 



Standard Wire 
Gauge No. 


Inches. 


Millimetres. 


Breaking Load 
in Los.* 


6 


•1920 


4*8770 


7.134 


7 


•1760 


4.4700 


5.994 ■ 


8 


•1600 


4*0640 


4.955 


9 


•1440 


3.6580 


4.014 


ID 


•1280 


3.2510 


3.171 


11 


•1160 


2*9460 


2,604 


12 


•1040 


2.6420 


2,091 


14 


•0800 


2*0320 


1,240 


i6 


•0641 


1*6260 


792 


i8 


•0480 


1*2190 


445 


20 


•0360 


0*9144 


251 


22 


•0280 


0*7112 


152 


24 


•0220 


0*5588 


94 


26 


•0180 


0.4572 


64 


28 


•0148 


0-3759 


42 


30 


-0124 


0.3150 


30 



* These loads correspond with a breaking stress of no tons per 
square inch. 
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L. — ^Table of Rklative Strengths for Weight. 



Material. 



Strength Jov Weight Number 

Tensile str. in lbs, per sq» in. 



Mild steel 

Cast steel (unhardened) 

5 per cent, nickel steel (unhardened) . 40 tons 

„ „ „ (oil-hardened), 80 tons 

Nickel Chrome (oil-hardened), 100 tons . . 
Chrome vanadium (oil-hardened), 115 tons 
Duralumin (rolled bar), 25 tons 

„ (rivet bar), 16 tons 

Aluminium (sheet), 12 tons 
Copper (sheet), 13 tons 
(wire), 26 tons 



»> 



Birch 

Silver spruce 
Cedar (American) 
Mahogany (Honduras) 
Pine: white . 

yellow. 

pitch . 
Poplar 

Lancewood . 
Hickory 
Walnut 



»f 



it 



Weight per cu. ft. in lbs. 

"5 
140 

183 
366 

457 
525 
320 

204 
162 

53-4 
io6«8 

322 

320 

330 
308 
600 
322 
406 

332 
260 

350 

330 
170 



200* 
lOO* 
200* 
170* 
228* 
148* 

i66* 
2IO* 

i6o* 

220* 
120* 



* Compression strengths. 
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THE DESIGN OF AEROPLANES 



A. — ^Mbtals. 



Material. 


Specific 
Gravity, 


Weight per 

Cub. Ft. in 

Lbs. 


Weight per 

Cub. In. in 

Lbs. 


Duralumin 


2*8oo 


175*0 


0*1015 


Aluminium (rolled, sheet) 


2'67o 


i66*6 


0*0960 


(cast) 


2*560 


159-6 


0*0920 


Copper (sheet) 


8*780 


548-1 


0*3160 


(wire) 


8*900 


555-0 


0*3210 


Iron (cast) 


7*230 


451-0 


0*2600 


„ (wrought) 


7*780 


486*0 


0*2800 


Steel (mUd) 


7*852 


489*6 


0*2810 


.. (cast) 


7.848 


489-3 


0*2810 


Brass (cast)» average . . 


8*280 


517*0 


0*2980 


Gunmetal (lo copper to i tin) . . 


8*464 


528*4 


0*3060 


„ (8 copper to I tin) .. 


8-459 


528*0 


0*3050 


Tin (cast) 


7*291 


455-0 


0*2620 


Zinc (cast) 


7*000 


437-0 


0*2520 


German silver . . 


8*280 


5i6'0 


0*3000 


Phosphor bronze (cast) . . 


8*6oo 


536-8 


0*3100 


Aluminium bronze 


7*68o 


475-0 


0*2750 
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B. — ^Timber. 



Material, 



^^ (to 
Beech [^J""" 

„. , ffrom 
Birch 1^ 

Cork 

Cedar: American 

„ Indian 

„ Lebanon 

Elm: English 

„ Canadian 

Hickory . . 

Spruce (fir) 

T , ( from 
Larch I^Q 

Maple 
Mahogany: Honduras 
„ Spanish 

Pine: white |^^^™ 

yellow 
Poplar 
Satinwood 
Teak 
English walnut 




Weight per 

Cu. Ft, in 

Lbs, 



43 

47 

43 

43-5 

44 

45 

15-5 

47 

35 

30 

34 
45 
43 
32 

34 

35 

42 

35 

53 
27 

34 
32 

24 
60 

50 
42 



Weight per 

Cub. In, in 

Lbs, 



0*025 
0*027 
0*025 
0*025 
0*026 
0*026 
0*009 
0*026 

0*020 

0*017 
0*020 
0*026 
0*025 
0*018 
0*019 
0*020 
0*025 
0*020 
0*031 
0*015 

0*020 

0*018 
0*014 
0*034 
0*030 
0*024 



It 



t62 



TH£ DESIGN OP AEROPLANES 



C. — ^Miscellaneous . 





Specific 


Weight per 


Weight per 


Material, 


Cub. Ft. in 


Guh. In. in 




Gravity. 


Lbs. 


Lbs. 


Water: pure 








I'OOO 


62*280 


0*0360 


sea 






I '027 


64*000 


0*0370 


Petrol (average) . 








0«7G0 


43*600 


0*0250 


Oil (lubricating) . 








0*900 


57.980 


0*0324 


Glass (plate) 








2*760 


176*000 


o*iooo 


Mica{*r. : 








2*780 


179*000 


0*1010 








3*150 


202*100 


0*1140 


Rubber . . 






. 


0*930 


58*000 


0*0340 


Vulcanite 








I '520 


82*200 


0*0550 


Vulcanized fibre. 








1*280 . 


97*600 


0*0460 


Asbestos [^"^ ; 








2*IOO 

2*8oo 


^35 
180 


0*0760 
o«ioio 


Celluloid . . 








1*280 


83 


0*0480 



^^ ash 3-ply wood, weight per square foot =0*66 pound. 
I inch wide Eg3rptian tape, 160 yards, weigh i pound. 



D. — Standard Wire Gauge: Table of Sizes, Weights, and 

Lengths of Steel Wire. 



Size on 


Diameter. 


Sectional 


Approximate Weight of — 


Standard 






Area in 
Square 








Wire 


Decimal 


MiUi. 
metres. 


i 






Gauge. 


of an 
Inch. 


Inches. 


100 Feet. 

1 


Mile. 


Kilometre. 










lbs. ' 


lbs. 


lbs. 


7/0 


•5000 


12*700 


•1963500 


66*700000 


3.522 


2,x88 


6/0 


•4640 


1 1 '800 


•1691000 


57*440000 


3.033 


1,885 


5/0 


•4320 


11*000 


•1465700 


49.790000 


2,629 


1.634 


4/0 


•4000 


10*200 


•1256800 


42*690000 


2.254 


x,400 


3/0 


.3720 


9.400 


•1086900 


36*930000 


1.950 


1,2X1 


2/0 


.3480 


8-8oo 


•0951000 


32^3x0000 


1,706 


x,o6o 


I/O 


•3240 


8* 200 


•0824400 


28^0x0000 


1.479 


919 


I 


•3000 


7*600 


•0706900 


24*0x0000 


1,268 


788 


2 


•2760 


7*000 


•0598200 


20*320000 


1.073 


667 


3 


•2520 


6*400 


•0498700 


16*850000 


895 


556 


4 


•2320 


5*900 


•0422700 


14*360000 


758 


471 


e 
.J 


•2120 


5*400 


•0353000 


X 2*000000 


633 


393 


6 


*1920 


4*900 


•0289600 


9*810000 


518 


323 


7 


•1760 


4*500 


•0243200 


8*260000 


436 


271 
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Standard Wire Gauge — continued. 



Size on 


Diameter, 


Sectional 


Approximate Weight of — 


Standard 






Area in 
Square 
Inches. 








Wire I 
Gauge. 


)eciinal 
of an 
Inch. 


Milli. 
metres. 


100 Feet. 


Mile. 


Kilometre. 










lbs. 


lbs. 


lbs. 


8 


•1600 


4* 100 


*020II00 


6*820000 


360 


224 


9 


•1440 


3*700 


•0162800 


5^530000 


292 


182 


lo 


1280 


3-300 


•0128700 


4^370000 


231 


143 


II 


'I160 


3«ooo 


•0105700 


3 •600000 


190 


118 


12 


•1040 


2'6oo 


*oo85ooo 


2^880000 


152 


95 


13 


•0920 


2*300 


*oo665oo 


2^250000 


119 


74 


14 


•0800 


2*000 


*oo503oo 


1^700000 


90 


56 


15 


'O720 


I "800 


*oo407oo 


1^380000 


73 


45 


16 


•0640 


I '600 


•0032200 


I^IOOOOO 


58 


1 w^ 

36 


17 


'O560 


1*400 


*oo246oo 


0*830000 


44 


27*5©©© 


18 


•0480 


I*200 


*ooi8ioo 


0*610000 


32^500 


2©*2©©© 


19 


'O4OO 


I'OOO 


•0012600 


0*420000 


22^540 


14*©©©© 


20 


►0360 


0*900 


•0010200 


0*340000 


18^250 


11*3400 


21 


•0320 


o*8oo 


•0008000 


0*273000 


14^420 


8^96©© 


22 


•0280 


0*700 


•0006200 


0*209000 


11^040 


6^86©© 


23 


'0240 


o*6oo 


•0004500 


. 0^154000 


8^iio 


5-040© 


24 


•0220 


0-550 


•0003800 


0^129000 


6^820 


4^24©© 


25 


•0020 


0*500 


*ooo3ioo 


0^107000 


5-630 


3.500© 


26 


•0180 


0*450 


•0002500 


o-o86ooo 


4-560 


2^84©© 


27 


•0164 


0*400 


•0002100 


0^072000 


3-790 


2^35©© 


28 


•0148 


0*370 


•0001700 


0*058000 


3*090 


1*92©© 


29 


'O136 


0*350 


•0001400 


0*050000 


2'6lO 


I •6200 


30 


'OI24 


0*320 


•0001200 


0*041000 


2^170 


1*350© 


31 


•01 1 6 


0*280 


•000 I 000 


0*036000 


1^890 


i^i6©© 


32 


>oio8 


0*270 


•0000910 


0*031000 


1^640 


I •0200 


33 


•0100 


0*254 


•0000780 


0*026000 


i^400 


©•8750 


34 


•0092 


0*230 


•0000660 


0*022000 


1^190 


0-7440 


35 


•0084 


0*203 


•0000550 


o^oi90oo 


©•901 


©.563© 


36 


•0076 


0*177 


•0000450 


0^015000 


0*813 


0*5080 


37 


•0068 


0*172 


•0000360 


0^012000 


0*651 


©•4©7© 


38 


'O060 


0*152 


•0000280 


0^009600 


0*507 


0-3170 


39 


•0052 


0*127 


•0000210 


0^007200 


0*380 


©•238© 


40 


'0048 


0*122 


•0000180 


0^006100 


0*324 


©•2©2© 


41 


>oo44 


0*112 


•0000150 


0^005100 


0*272 


©•17©© 


42 


•0040 


O'lOI 


•0000120 


0*004200 


©•225 


©•14©© 


43 


►0036 


0-091 


•OOOOIOO 


0*003400 


©•182 


©•114© 


44 


0032 


o*o8i 


•0000080 


0«002700 


©•144 


©•©900 


45 .- ' 


0028 


0*071 


•0000060 


0^002100 


©•no 


©•©7©© 


46 


0024 


o*o6i 


•0000040 


0^001500 


©*©8i 


©•©5©© 


47 


0020 


0*050 


•0000030 


0^00x060 


©•©56 


0*035© 


48 


>odi6 


0*040 


•0000020 


0^000820 


©•©36 


0*0225 


49 


•0012 


0*030 


•OOOOOIO 


©•000266 


©•©2© 


©•©125 


50 


0010 


0*025 


•0000007 


©•000259 


©•©14 


©•©©97 
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THE DESIGN OF AEROPLANES 



£. — Weights of Duralumin Sheets and Rods. 



' 


Sheets. 






Rods, 




Thickness in 

Standard 
Wire Gauge. 


Decimal 
Equivalent. 


Weight in Lbs. 
per Sq. Ft. 


Size. 


Weight per 


Foot in Lbs. 


Round. 


Square. 





•3240 


4*730 


i 


0*060 


0*075 


I 


•3000 


. 4-380 


A 


0*090 


0*118 


2 


•2760 


, 4-030 


i 


0*134 


0*170 


3 


•2520 


3.670 


A 


0*183 


0-233 


4 


•2320 


3-380 


i 


0*240 


0*305 


5 


•2120 


3-090 


tV 


0*302 


0-385 


6 


•1920 


2»8oo 


i 


0-374 


0-475 


7 


•1760 


2*570 


H 


0*452 


0-575 


8 


•1600 


2«33o 


i 


0-538 


0*685 


9 


•1440 


2* 100 


il 


0*632 


0*805 


10 


•1280 


i«86o 


i 


0-733 


0-933 


II 


•II60 


1*690 


H 


0*842 


1*070 


12 


•1040 


1*510 




0*957 


I*220 


13 


?0920 


1-340 


W^ 


I •080 


1*376 


14 


•0800 


1*160 


H 


I'2lO 


1-543 


15 


•0720 


1*050 


ii% 


I-350 


1*720 


16 


•0640 


0-934 


;j 


1*490 


1*905 


17 


•0560 


0*817 


1*810 


2*305 


18 


•0480 


0*700 


xi 


2*150 


2-745 


19 


•0400 


0^584 


if 


2-530 


3*220 


20 


•0360 


0*525 


1} 


2*930 


3-735 


21 


•0320 


0*467 


ij 


3.360 


4*288 


22 


•0280 


0*408 


2 


3-830 


4*860 


23 


•0240 


0*350 


^^t 


4*320 


5-508 


24 


^0220 


0-321 


2j 


4*850 


6*175 


25 


•0200 


0*292 


2| 


5*400 


6*88o 


26 


•0180 


0*262 


24 


5-990 


7-625 


27 


•0164 


0*239 


H 


6*600 


8*405 


28 


^0148 


0*216 








29 


•0136 


0*200 








30 


•0124 


o*i8i 






. 
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F. — ^Strainer Weights (Hewlett and Blondeau). 



Diametef of Screw j 

over Thread, in 

Millimetres, 


Weight in Ounces, 


Breaking Load in 
Pounds, 


2-5 


0'125 


480 


3.0 


0*200 


700 


3-5 


0*400 


1,000 


4-0 


0'6oo 


1,180 


4-5 


I'OOO 


1.515 


5-0 


2»000 


1,900 


6'0 


2'66o 


2,315 


7»o 


3-750 


3,680 


8'0 


5-750 


4,670 


io»o 


6' 500 


7.530 


I2*0 


8-660 


11,000 


I4'0 


13-250 


15,200 


i6'0 


14*250 


19,970 
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THE DESIGN OF AEROPLANES 



G. — Strength and Weight of Aeroplane Cables (Bullivant). 



Construction, 


Sw^. 


Approximate 
Breaking Load, 


Approximate 
Weights, 


Number 
of 


Wires 


Inches. 


Millimetres. 


Poands. 


Kilos. 


1 

Pounds ' Kilos, per 


per 








per i,uuu 


xw 


Strands. 


Strand. 


Diam. 


Circ 


Diam. 
1-7 


Circ. 
5 






Feet. 


Metres. 


7 


7 


•o68 


500 : 227 


1 
8 ; I«2 


7 


7 


•075 


i 


l«9 


6 


650 , 295 


10 i«5 


7 


7 


•088 


n'^iT 


2*2 ; 7 


1,120 500 


14 


2»I 


7 


7 


•099 


A 


2-5 


8 


1 1,500 681 


17 


2«6 


7 


7 


•IIO 


ii 


2-8 


9 


; 1,680 762 


20 


3.0 


7 


7 


•115 


H 


2'9 


9 


1,750 , 794 


i 23 


3-4 


7 


7 


•130 


M 


3-3 


10 


2,300 ' 1,043 


30 1 4-5 


7 


, 7 


•138 


li 


3-5 


II 


, 2,450 , i,iii 


; 33 


4-9 


7 


! 7 


•140 


A 


3-6 


II 


2,600 1 1,179 


i 36 


5-3 


7 


7 


-164 


H 


4-1 


13 


3,600 1,633 


; 47 ; 7-0 


7 


7 


1 •180 


1 H 


4.6 


15 


4,500 2,041 


55 8-2 


7 


7 


, .210 

i 


' li 

1 


5-3 


17 


6,300 


1 2,858 

1 


: 74 

1 


II'O 

1 



Extra Flexible. 



7 


12 


•093 


H 


2-4 


7 


850 


385 


13 


l'9 


7 


12 


•105 


V 


2*7 


8 


1,200 


544 


18 


2*7 


7 


14 


•"5 


n 


2*9 


9 


1,500 


680 


20 


3.0 


7 


19 


•126 


H 


3*2 


10 


2,000 


907 


27 


4-0 


7 


19 


•137 


^ 


3-5 


II 


2.450 


I, III 


32 


4-8 


7 


19 


•150 


i 


3-« 


12 


2,900 


1.315 


38 


5-7 


7 


19 


•168 


A 


4-3 


14 


3>400 


1,542 


50 


7-4 


7 


19 


•182 


1 


4-6 


15 


4,200 


1.905 


56 


8-3 


7 


19 


•195 


5-0 


16 


5,000 


2,268 


64 


9-5 


7 


19 


•218 


H 


5-5 


17 


5.500 


2.495 


80 


11*9 


7 


19 


•228 


If 


5-8 


18 


6,250 


2.835 


90 


13-4 


7 


19 


•239 


i 


6-1 


19 


7»250 


3,288 


100 


14-9 


7 


19 


•262 


M 


6»7 


21 


8,500 


3,855 


117 


17-4 


7 


19 


•270 


14 


6*9 


22 


9,600 


4,356 


124 ' 


1 8*4 


7 


19 


•305 


I 


7-7 


25 

i 


11,000 


4,990 


151 


22*5 
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H. — ^Weights and Dimensions of Metal Sheets. 



Standard 


Thickness, 


Weight : Lbs, per Square Foot, 


Wire 
















WW WW 1^ 

Gauge, 


Inch. 


MUli- 
metres. 


AIu. 
minium. 


Brass. 


Copper. 


Steel. 


Tin. 




•375 


9-525 


5-180 


16-70 


17-10 


15-00 


14-40 


3/0 


•372 


?*1^^ 


5-140 


16-50 


17-00 


14-90 


14-30 


.2/0 


•348 


8-839 


4-810 


15-50 


15-90 


13-90 


13-40 


I/O 


•324 


8-229 


4-480 


14-40 


14-80 


13-00 


12-50 




•312 


7-937 


4-310 


13-90 


14-20 


12-50 


I2-00 


I 


.300 


7.620 


4-150 


13-30 


13-70 


12-00 


11-50 




•289 


7-341 


3.990 


12-90 


13-20 


11-60 


II-IO 




•278 


7-061 


3-840 


12-40 


12-70 


II-IO 


10-70 


2 


•276 


7-0x0 


3-8io 


12-30 


i2-6o 


11-00 


10-60 




•270 


6-858 


3-730 


I2-00 


12-30 


10-80 


10-40 


3 


•252 


6-401 


3-480 


11-20 


11-50 


10-10 


9-68 




•250 


6-350 


3-450 


II-IO 


11-40 


10-00 


9-60 




•238 


6-045 


3-290 


10-60 


10-90 


9-52 


9-14 


4 


•232 


5-893 


3-200 


10-30 


10-60 


9-28 


8-91 




•216 


5-486 


2-980 


9-6i 


9-86 


8-64 


8-31 


5 


•212 


5-385 


2-930 


9-43 


9-68 


8-48 


8-14 




•200 


5-080 


2-760 


8-90 


9-12 


8-00 


7-68 


6 


•192 


4-877 


2-650 


8-54 


8-76 


7-68 


7-37 




•187 


4-762 


2-580 


8-32 


8-53 


7-48 


7-18 




•182 


4-623 


2-520 


8-IO 


8-31 


7-28 


6-99 


7 


•176 


4-470 


2-430 


7-83 


8-03 


7-05 


6-76 




•166 


4-216 


2-290 


7-38 


7-58 


6-64 


6-37 


8 


•160 


4-064 


2-2IO 


7-12 


7-30 


6-40 


6-15 




•150 


3-810 


2-070 


6-67 


6-85 


6-00 


5-76 


9 


•144 


3-658 


1-990 


6-41 


6-57 


5-76 


5-53 




•136 


3-454 


1-880 


6-05 


6-20 


5-44 


5-22 


10 


•128 


3-251 


1-770 


5-69 


5-84 


5-12 


4-92 




•125 


3-175 


1-730 


5-56 


5-70 


5-00 


4-80 




•124 


3-150 


I-7IO 


5-52 


5-66 


4-96 


4-76 


II 


•116 


2-946 


1-600 


5-16 


5-29 


4-64 


4-46 




'112 


2-845 


1-550 


4-98 


5-II 


4-48 


4-30 


12 


•104 


2-642 


1-440 


4-63 


4-75 


4-16 


3-99 




•100 


2-540 


1-380 


4-45 


4-57 


4-00 


3-84 


13 


•092 


2-337 


1-270 


4-09 


4-20 


3-68 


3-53 




•090 


2-286 


1-240 


4-00 


4-11 


3-60 


3-46 




•082 


2-082 


I-I30 


3-65 


3-75 


3-28 


3-15 


H 


•080 


2-032 


I-IIO 


3-56 


3-65 


3-20 


3-07 




•077 


1-956 


1-070 


3-43 


3-52 


3-o8 


2-96 


15 


•072 


1-829 


0-995 


3-20 


3-29 


2-88 


2-77 




•068 


1-727 


0-940 


3-02 


3-1 1 


2-72 


2-61 




•065 


1-651 


0-898 


2-89 


2-97 


2-60 


2-50 
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Weights and Dimensions of Metal Sheets — continued. 



Standard 


1 

Thickness. 

t 


Weight : Pounds per Square Foot. 


Wire 
Gauge. 
















Inch. 


MiUi. 
metres. 


Alu- 
minium. 


Brass. 


Copper. 


Steel. 


Tin. 


i6 


•0640 


1*626 


•885 


2*850 


2*920 


2*560 


1 

2*460 




•0630 


i»6oo 


•870 


2*800 


2*88o 


2*520 


2*420 




•0620 


^•587 


•857 


2*760 


2^830 


2^480 


2*380 




•0600 


^•524 


•829 


2*670 


2*740 


2^400 


2*300 


17 


•0560 


1*422 


•774 


2*490 


2*560 


2*240 


2*150 




•0550 


1-397 


•760 


2*450 


2*510 


2*200 


2*110 




•0510 


1-295 


•705 


2*270 


2-330 


2*040 


1*960 


18 


•0480 


1*219 


•663 


2*130 


2*190 


1*920 


1*840 




•0470 


I-I94 


•649 


2*090 


2*150 


1*880 


1*810 




•0420 


1*067 


•580 


1*870 


1*920 


1*680 


1*610 


19 


•0400 


i*oi6 


•552 


1*780 


1*830 


1*600 


I -540 




•0380 


0*965 


•525 


1*690 


1*740 


1*520 


1*460 


20 


•0360 


0*914 


-497 


1*600 


1^650 


1*440 


1*380 




•0350 


0*889 


.484 


1*560 


1.600 


1*400 


1-340 


21 


•0320 


0*813 


•442 


1*420 


1*460 


1*280 


1.230 




•0310 


0.793 


•429 


1*380 


1*420 


1*240 


1*190 


22 


•0280 


0*711 


•387 


1^250 


1*280 


1*120 


1*080 




•0270 


o*686 


•373 


1*200 


1*240 


1*080 


1*040 


23 


•0240 


o*6io 


•332 


1*070 


I*IOO 


0*960 


0*921 




•0230 


0*584 


•318 


1*020 


1*050 


0*920 


0.883 


24 


•0220 


0-559 


•304 


o*979 


1*010 


o*88o 


0*845 




•0210 


0-533 


•290 


©•935 


0*960 


0*840 


0*806 


25 


•0200 


0*508 


•276 


0^890 


0*914 


o*8oo 


0*768 




•0190 


0.483 


•262 


0.846 


0*868 


0*760 


0*730 


26 


•0180 


0-457 


•249 


0.801 


0*823 


0*720 


0*691 


27 


•0164 


0*416 


.227 


0.730 


0*750 


0*656 


0*630 




•0160 


0.406 


•221 


0*712 


0*731 


0*640 


0*614 




•0156 


0-397 


•215 


0*694 


0.713 


0*624 


0*599 


28 


•0148 


0.376 


.204 


0.658 


0.677 


0*592 


0*568 




•0140 


0*356 


•193 


0.623 


0.640 


0*560 


0-537 


29 


•0136 


0-345 


*i88 


0.605 


0.622 


0-544 


0*522 


30 


•0124 


0-315 


*i7i 


0.552 


0*566 


0*496 


0.476 




•0120 


0*305 


•166 


0-534 


0.548 


0*480 


0.461 




•0105 


0*267 


•145 


0*467 


0.480 


0.420 


0*403 


. 


•0090 


0*229 


•125 


0.400 


0*412 


0.360 


0*360 




•0080 


0*203 


•III 


0-356 


0.366 


0*320 


0*307 


Specific g 


ravity . 


• • • 


2.670 


1 

1 8*620 


8.820 


1 

7.740 


7.400 


Ratio of ' 


weights 


• • 


I 
i 


3.230 


3^300 


2*900 

1 


2*780 
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LeHgth* 



Diameter of Bott in Inches, 



* Of round portion of bolt, under heail. 

I Weight in pounds of one nut. 

I We^ht in pounds' of sbank per i inch of length. 
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K. — Weights of Three-Ply Boards in Birch. 



Thickness in 
Millimetres. 


Weight 
Square 


per Superficial 
Foot in Ounces. 


1-5 




3-5 


2«0 




4-5 


3.0 




6-5 


4.0 




9.0 


5-0 




ii*o 


6«o 




i3«o 



Note. — For ash ply- wood these weights should be increased by 
5 per cent. 



APPENDIX III 

MISCELLANEOUS TABLES 

A. — Tables for Aerodynamical Calculations. 
B. — Tables of Horse-Powers, Speeds and Resistances. 
C. — Table of Sines, Cosines, and Tangents. 
D. — Diameters, Circumferences, and Areas of Circles. 
E. — Principal Standards of Wire Gauge. 
F. — International Metric Threads. 
G. — British Association (B.A.) Screw-Threads. 
H. — ^Whitworth's Standard Screw-Threads for Bolts. 
J. — ^Whitworth's Threads for Gas and Water Pipes. 
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A. — Tables for Aerodynamical Calculations. 













Pressure up 


*on Normal 


M.P,H. 


Feet per 
Sec.(V), 


Fa. 


V9 


V 


PlaneHn 


Pounds, 


424- 


550' 


For Small 


For Large, 












Plates, 


over 3 Feet, 












0*00x39 v«. 


o*ooh8 V2. 


I 


1-5 


2*25 


0*0053 


•00273 


©•00313 


©•0032 


2 


2*9 


8*41 


0-0196 


•00527 


O-OI169 


©•©128 


3 


4-4 


19-36 


0-0457 


•00801 


0-02690 


©•©288 


4 


5-9 


34-81 


0-0821 


•01072 


0*05300 


©•0512 


5 


7-3 


53-29 


0-1260 


•01327 


©•07420 


©•©8©o 


6 


8-8 


77-44 


0-1825 


•01598 


0*10770 


0*1152 


7 


io«3 


106 


0-2500 


•01873 


©•14730 


0*1567 


8 


ii«7 


137 


0-3230 


•02128 


©•19050 


©*2©48 


9 


13-2 


174 


0-4110 


•02400 


©•24200 


0*2590 


ID 


14-7 


216 


0-5090 


•02670 


©•3©05o 


0*32©© 


II 


i6'i 


259 


0-6120 


•02930 


©•3600© 


0*387© 


12 


1 7*6 


310 


0-7320 


•03200 


0-43150 


©*46i© 


13 


19' I 


365 


0-8610 


•03470 


0-50750 


0*541© 


H 


20«5 


420 


0-9910 


•03730 


©•584©© 


©*627© 


15 


22'0 


484 


1-1400 


•04000 


0*673©© 


0*72©© 


i6 


23-5 


552 


1-3000 


•04270 


©•768©© 


©*8i9© 


17 


24*9 


620 


1-4600 


-04530 


©•862©© 


©*925© 


i8 


26«4 


697 


1-6400 


•04800 


©•97©©© 


i*©37© 


19 


27*8 


773 


1-8200 


•05060 


1-074©© 


1-1550 


20 


29-3 


858 


2-0200 


-05330 


1^193©© 


I*28pO 


21 


30-8 


949 


2-2400 


•05600 


1-32©©© 


1*411© 


22 


32-3 


i»043 


2-4600 


•05870 


1^45©©© 


1*549© 


23 


33-7 


1,136 


2-6800 


•06130 


1-578©© 


1*6930 


24 


35-2 


1.239 


2-9200 


•06410 


1-722©© 


1-843© 


25 


36-7 


i»397 


3-2900 


•06670 


1*942©© 


2*©©©© 


26 


38-1 


i»452 


3-4200 


•06930 


2^©28oo 


2*163© 


27 


39-6 


1.568 


3-7000 


•07210 


2* 1 800© 


2*3330 


28 


4I-I 


1,689 


3*9800 


•07470 


2*348©© 


2*5©9© 


29 


42-5 


1,806 


4-2600 


•07730 


2*51©©© 


2*691© 


30 


44-0 


1,936 


4-5700 


•08000 


2*69©©© 


2*88©© 


31 


45-5 


2,070 


4-8900 


•08280 


2*88©©© 


3-0750 


32 


46-9 


2,200 


5*1900 


•08540 


3*©6©©© 


3-277© 


33 


48.4 


2,343 


5-5400 


•08820 


3*265©© 


3-4850 


34 


49-9 


2,490 


5-8800 


•09080 


3*465©© 


3-6990 


35 


51-3 


2,632 


6-2100 


•09330 


3 •660©© 


3*920© 


36 


52-8 


2,788 


6-5800 


•09600 


3*88o©© 


4*1470 


37 


54-3 


2,948 


6-9600 


•09880 


4»ioo©© 


4-3810 


38 


55-7 


3,102 


7-3200 


•10120 


4-32©©© 


4*621© 


39 


57-2 


3,272 


7-7200 


•10380 


4.550©© 


4*867© 


40 


58-7 


3,446 


8-1250 


•10660 


4-790©© 


5*12©© 


41 


6o*i 


3,612 


8-5200 


•10910 


5-02©©© 


5-3970 


42 


61 -6 


3,795 


8-9500 


•11180 


5^280©© 


5-6450 


43 


63«i 


3,982 


9-4000 


•I 1460 


5^54©©© 


5*917© 


44 


64-5 


4,160 


9-8000 


•11720 


5^78©©© 


6*1950 


45 


66«o 


4.356 


10-2600 


•11980 


6^©6©©© 


6*48©© 


46 


67-5 


4.556 


10-7300 


•12260 


6^3 4000 


6*771© 


47 


68*9 


4,747 


II-I80O 


•12530 


6^6oooo 


7*©68© 


48 


70-4 


4.956 


11-6700 


•12790 


6^89©©o 


7-3720 


49 


71-9 


5.170 


12-1800 


•13060 


7^2©©oo 


7*683© 


50 


73-3 


t 5.373 


12-6600 


•13320 


7^47000 


8*oooo 


51 


74-8 


f 5.595 


13-1800 


•13580 


7^ 78000 


8-3230 


52 


76-3 


5.821 


13-7100 


•13860 


8*ioooo 


8»6520 
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Tables for Aerodynamical Calculations — continued. 












Pressure upon Normal 


M.P.H. 


Feet per 
Sec.{V). 


F2. 


F2 

424' 


V 

550' 


Plane in 


Pounds. 


For Small 


For Large, 












Plates, 


over 2 Feet, 












0*00x39 v«. 


0*00x48 V». 


53 


77-7 


6,037 


14-2200 


•I4IIO 


8*39000 


8^9890 


54 


79-2 


6.273 


14.7700 


•14390 


8^73000 


9-33IO 


55 


8o«7 


6,512 


15-3300 


*i466o 


9^06000 


9^68oo 


56 


82*1 


6,740 


15-8800 


*I4900 


9^38000 


10^0350 


57 


83-6 


6,989 


16-4600 


*i5i8o 


9^72000 


10^3970 


58 


85-1 


7,242 


17-0600 


•15450 


1 0*07000 


10-7640 


59 


86-5 


7.484 


17-6300 


-15720 


io^4iooo 


11-1390 


60 


88*o 


7.744 


18-2000 


-15980 


10^76000 


11-5200 


61 


89-5 


8,010 


18-8500 


•16260 


II-I3000 


11.9070 


62 


90*9 


8,263 


19-3600 


•16520 


ii^47000 


12*3000 


65 


92-4 


^1^7 


2o-o8oo 


* 16780 


ii^86ooo 


12*7010 


64 


93-9 


8,817 


20-7600 


*i7o6o 


1 2^26000 


13*1070 


65 


95-3 


9,082 


21-3400 


•17320 


12^63000 


13*5200 


66 


96*8 


9.370 


22-0600 


-17570 


i3^o3ooo 


13^9370 


67 


98-3 


9,662 


22-7400 


-17850 


13^43000 


14*3640 


68 


99-7 


9.940 


23-4200 


•18120 


13^82000 


14*7960 


69 


IOI«2 


10,241 


24-1600 


-18380 


14^24000 


15*2370 


70 


I02*7 


10.547 


24-8800 


•18670 


14^67000 


15*6800 


71 


I04'i 


10,836 


25-5800 


-18930 


I5«o8ooo 


16*1300 


72 


105-6 


11.151 


26-2900 


-19200 


15^50000 


16*5890 


73 


I07«i 


11,470 


27-0200 


* I 9480 


15.93000 


17*0520 


74 


io8«5 


11.772 


27-7200 


-19730 


16^36000 


17*5240 


75 


iio«o 


12,100 


28-5400 


•20000 


16-83000 


18*0000 


76 


1 1 1*5 


12.432 


29-3400 


•20280 


17.30000 


18*4830 


77 


112*9 


12,746 


30-1000 


-20540 


17.72000 


18*9720 


78 


1 14-4 


13.087 


30-8500 


•20800 


18*19000 


19*4690 


79 


1 1 5-9 


13,433 


31-7000 


•21100 


18-69000 


19.9710 


80 


"7-3 


13,759 


32-4500 


-21350 


19-12000 


20-4800 


81 


II8-8 


I4.II3 


33-3000 


•21620 


19-62000 


20*9970 


82 


I20»3 


14,472 


34-1500 


•21900 


20-10000 


21*5170 


83 


I2I-7 


14,811 


34-9500 


•22100 


20-60000 


22*0450 


f^ 


I23«2 


15,178 


35-8000 


•22400 


21-08000 


22*5790 


85 


I24«7 


15,550 


35-7000 


•22680 


21*62000 


23-1200 


86 


1 26* I 


15,901 


37-5000 


•22940 


22^x2000 


23^6660 


87 


I27«6 


16,282 


38-4000 


•23200 


22^65000 


24^2210 


88 


1 29* I 


16,667 


39*3000 


•23480 


23^15000 


24^7800 


89 


130-5 


17,030 


40*2000 


•23740 


23*70000 


25-3490 


90 


I32«0 


17,424 


41-1000 


•24000 


24*22000 


25^9200 


91 


133-5 


17,822 


42*1000 


•24300 


24*76000 


26^5010 


92 


134-9 


18,198 


42-9000 


•^4540 


25*30000 


27^0850 


93 


136-4 


18,604 


43-8000 


•24800 


25*88000 


27*6780 


94 


137-9 


19,016 


45-2000 


•25100 


26*45000 


28^2760 


95 


139-3 


19,404 


45-7500 


•25350 


26*70000 


28^8810 


96 


1 40*8 


19,824 


46-7500 


•25650 


27^550oo 
28^i50oo 


29^4910 


97 


142-3 


20,249 


47-7500 


•25900 


30^1090 


98 


143-7 


20,649 


48*7000 


•26150 


28^75000 


30-7340 


99 


145-2 


21,083 


49*7000 


•26400 


29*34000 


31^3600 


100 


146-7 


21,520 


50*7000 


•26700 


29^90000 


32^0000 


no 


i6i-o 


25,900 


61*2000 


•29300 


36^00000 


38^7000 


120 


176-0 


31,000 


73-2000 


•32000 


43*15000 


46*1000 


130 


191-0 


36,500 


86*1000 


•34700 


50*75000 


54*1000 


140 


205-0 


42,000 


99*1000 


•37300 


58^40000 


62*7000 


150 


220*0 


48,400 


114*0000 


•40000 


67*30000 


72*0000 
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C. — ^Tablb of Sines, Cosines, and Tangents. 



Angle. 


Radians. 


Sine. 



Tangent. 


Co- 
tangent. 


Cosine. 




• 


o<» 








oc 


1*0000 


1*5708 


90» 


I 


•0175 


•0175 


0*0175 


57*2900 


0*9998 


1-5533 


89 


2 


•0349 


•0349 


0-0349 


28*6363 


0*9994 


1-5359 


88 


3 


•0524 


•0523 


0*0524 


i9'o8ii 


0*9986 


1*5184 


87 


4 


•0698 


•0698 


0*0699 


14*3006 


0*9976 


1*5010 


86 


5 


•0873 


•0872 


0*0875 


11*4301 


0*9962 


1-4835 


85 


6 


•1047 


•1045 


0*1051 


9-5144 


0-9945 


1. 4661 


84 


7 


•1222 


•1219 


0*1228 


8^1443 


0*9925 


1.4486 


83 


8 


•1396 


•1392 


0*1405 


7^li54 


0*9903 


1*4312 


82 


9 


•1571 


•1564 


0*1584 


6-3138 


0*9877 


1-4137 


81 


10 


•1745 


•1736 


0*1763 


5-6713 


0*9848 


1-3963 


80 


II 


•1920 


•1908 


0*1944 


5-1446 


0*9816 


1-3788 


79 


12 


•2094 


•2079 


0*2126 


4-7046 


0*9781 


1*3614 


78 


13 


•2269 


•2250 


0*2309 


4-3315 


0*9744 


1-3439 


77 


14 


'HH 


•2419 


0*2493 


4-0108 


0*9703 


1-3265 


76 


15 


•2618 


•2588 


0*2679 


3-7321 


0*9659 


1*3090 


75 


16 


•2793 


•2756 


0*2867 


3-4874 


0*9613 


1-2915 


74 


17 


•2967 


•2924 


0-3057 


3.2709 


0-9563 


1*2741 


73 


18 


•3142 


.3090 


0*3249 


3.0777 


0*9511 


1*2566 


72 


19 


•3316 


•3256 


0-3443 


2*9042 


0-9455 


1*2392 


71 


20 


•3491 


•3420 


0*3640 


2-7475 


0-9397 


1*2217 


70 


21 


•3665 


•3584 


0-3839 


2*6051 


0*9336 


1*2043 


69 


22 


•3840 


•3746 


0*4040 


2-4751 


0*9272 


1*1868 


68 


23 


•4014 


•3907 


0-4245 


2-3559 


0*9205 


1*1694 


67 


24 


•4189 


•4067 


^•4452 


2*2460 


0-9135 


1*1519 


66 


25 


•4363 


•4226 


0*4663 


2-1445 


0*9063 


1-1345 


65 


26 


•4538 


•4384 


0.4877 


2*0503 


0*8988 


1*1170 


!^ 


27 


•4712 


•4540 


0*5095 


1*9626 


0*8910 


1*0996 


63 


28 


•4887 


•4695 


0^5317 


1.8807 


0*8830 


1*0821 


62 


29 


•5061 


•4848 


0-5543 


1*8040 


0.8746 


1*0647 


61 


30 


•5236 


•5000 


0-5774 


i'732i 


0*8660 


1*0472 


60 


31 


•54" 


•5150 


0*6009 


1-6643 


0.8572 


1*0297 


59 


32 


•5585 


•5299 


0*6249 


1.6003 


0.8480 


1*0123 


58 


33 


•5760 


•5446 


0*6494 


1-5399 


0*8387 


0*9948 


57 


34 


•5934 


•5592 


0*6745 


1.4826 


0*8290 


0*9774 


56 


35 


•6109 


•5736 


0*7002 


1*4281 


0*8192 


0-9599 


55 


36 


•6283 


•5878 


0*7265 


1-3764 


0*8090 


0-9425 


54 


37 


•6458 


•6018 


0*7536 


1.3270 


0*7986 


0*9250 


53 


38 


•6632 


•6157 


0.7813 


1.2799 


0*7880 


0*9076 


52 


39 


•6807 


•6293 


0*8098 


1.2349 


0*7771 


0*8901 


51 


40 


•6981 


•6428 


0-8391 


1*1918 


0*7660 


0*8727 


50 


41 


•7156 


•6561 


0*8693 


1*1504 


0-7547 


0*8552 


49 


42 


•7330 


•6691 


0*9004 


1*1106 


0-7431 


0*8378 


48 


43 


•7505 


•6820 


0*9325 


1*0724 


0-7314 


0*8203 


47 


44 


.7679 


•6947 


0.9657 


1-0350 


0*7193 


0*8029 


46 


45 


•7854 


•7071 


1*0000 


1*0000 


0*7071 


0-7854 


45 






Sine 


Co- tangent 


Tangent 


Sine 


Radians 


Angle 



M 
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D. — Diameters, Circumferences, and Areas of Circles 



Diameter, 


Circum- 




ference. 


«V 


0*0982 


iV 


OT963 


i 


0-3927 


VW 


0*5890 


i 


0*7854 


/.. 


0*98x7 


i 


1*1781 


fff 


1-3744 
i'570^ 


i 


i\ 


1*7671 


f 


1*9635 


n 


2*1598 


i 


2*3562 


H 


2-5525 


i 


2*7489 


U 


2*9452 


I 


3*1416 


i 


3-5343 


■ 


3.9270 


■ ■ 


4-3197 


: • 


4*7124 


. , 


5-1051 


J . 

> . 


5-4978 


i 


5-8905 


2 


6*2832 




6*6759 


7*0686 




7-4613 
7-8540 


• 


• 


8*2467 


J . 


8*6394 


if 


9*0321 


3 


9.4248 


i 


9-8x75 


1^ 


XO*2XOO 


1 


X 0*6020 


i 


10*9950 


i 


11*3880 


i 


xx*78xo 


i 


12*1730 


4 , 


12*5660 


i 


X 2*9590 


i 


13-3510 


i 


13-7440 


i 


14-1370 


i 


14*5290 


i 


14*9220 


i 


15-3150 


5 


X 5*7080 


I 


1 6* 1 000 



Area, 


Diameter, 


Circum- 
ference, 


Area, 


0*0008 


5 i 


x6*493 


21*647 


0*0031 


i 


x6*886 


22*690 


0*0122 




17*278 


23-758 


0*0276 


1 


17*671 


24*850 


0*0490 


i 


18*064 


25*967 


0*0767 


} 


i8*457 


27*108 


0-XI04 


6 


18*849 


28*274 


0*1503 


1 

1 1 


19-635 


30-679 


0*1963 


20*420 


33-183 


0*2485 


4 

4 


21*205 


35-784 


0*3068 


7 


2X*99X 


38-484 


0*37x2 


' " 


22*776 


41*282 


0*44x8 


23*562 


44*178 


0*5185 


4 


24-347 


47-173 


0*60x3 


8 


25*132 


50-265 


0*6903 


: i ' 


25*918 


53-456 


0-7854 




26*703 


56-745 


0*9940 


' 


27-489 


60*132 


1*2271 


9 


28*274 


63*6x7 


1*4848 


i 


29.059 


67*200 


x*767X 


' i 


29-845 


70*882 


2*0739 


i 


30*630 


74*662 


2*4052 


10 


31*4x6 


78-540 


2*76x1 


i 


32*201 


82*516 


3*14x6 




32*986 


86*590 


3-5465 


} 


33-772 


90*762 


3-9760 


XI 


34-558 


95-033 


4-4302 


1 1 

i r 


35-343 


99*402 


4-9087 




36*128 


103*860 


5-4"9 


T 


36*913 


108*430 


5-9395 


X2 


37-699 


113*090 


6*49x8 


" 1 


38-484 


1x7*860 


7*o686 




39-270 


122*7x0 


7*6699 


i 


40-055 


127*680 


8*2957 


13 


40*840 


132*730 


8*9462 


' " 


41*626 


137-890 


9*62 XX 


■ ■ 


42*4x1 


143-130 


XO*3200 


J . 


43-197 


148*490 


XX -0440 


14 


43-982 


153-930 


xx*793o 


i 


44*767 


159-480 


12*5660 


i 


45-553 


165*130 


X 3.3640 


i 


46-338 


170*870 


14*1860 


15 


47*124 


. 176*7x0 


15-0330 


J 


47-909 


182*650 


15*9040 


} 


48*694 


188*690 


X 6* 8000 


f 


49*480 


194*830 


X 7.7202 


16 


50-265 


201*060 


18*6650 


' - 


51-051 


207*390 


19-6350 




51-836 


213*820 


20*6290 


f 


52*621 


226*350 
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Diameters, Circumferences, and Areas of Circles — continued. 



Diameter. 


Circum- 
ference. 


Area. 


1 

1 Diameter. 


Circum- 
ference. 


Area. 


^7 , 


53-407 


226*98 


1 

35 


109-95 


962-11 


i 


54-192 


233-70 




XXX-52 


989-80 


i 


54-977 


240-52 


36 


1x3*09 


10x7*90 


i 


55-763 


247-45 




114*66 


1046*30 


18 


56-548 


254-46 


37 


1x6*23 


xo75*2o 


i 


57-334 


261*59 




xx7*8x 


X 104*50 


i 


58-119 


268-80 


i 38 


1x9-38 


iX34*xo 


i 


58-905 


276*12 


1 « 


I20*95 


1x64*20 


19 


59.690 


283*52 


3^ , 


122*52 


1194-60 


i 


60-475 


291*04 


1 ^ 


124*09 


1225*40 


4 


6i«26i 


298*64 


40 


X25*66 


1256*60 


i 


62*046 


306-35 


26 


127*23 


X288-20 


20 


62*832 


3x4*16 


41 


128*80 


1320*30 


i 


63-617 


322*06 


2 


130-37 


X 352-70 


i 


64*402 


330*06 


42 


131-94 


1385-40 


i 


65.188 


338-X6 




133-51 


14x8*60 


21 


65-973 


346-36 


43 


135-08 


1452*20 


i 


66*759 


354-66 




136-65 


1486*20 


4 


67-544 


363-05 


44 


138*23 


1520*50 


i 


68*329 


371-54 


B 


139*80 


1555-30 


22 


69-115 


380*13 


45 


141-37 


1590*40 


: • 


69*900 


388*82 




142-94 


1626*00 


- • 


70.686 


397-60 


46 


144-51 


1661-90 




71*471 


406.49 


i 


146-08 


1698*20 


23 


72*256 


415-47 


47 


147-65 


1734*90 


i 


73*042 


424-56 


48 


X 50-79 


1809*60 


i 


73-827 


433-73 


49 


153-93 


1885*70 


i 


74*613 


443-01 


50 


X57-08 


1963*50 


24 


75-398 


452*39 


51 


X60*22 


2042-80 


i 


76*969 


471-43 


52 


163*36 


2123-70 


25 


78-540 


490*87 


53 


166*50 


2206*20 


i 


80*110 


5x0*70 


54 


169*64 


2290*20 


26 


81*681 


530-93 


55 


172*78 


2375*80 


i 


83-252 


551-54 


, 56 


175-92 


2463-00 


27 


84-823 


572-55 


1 57 


179-07 


2551*80 


t 


86*394 


593-95 


! 58 


X82*2X 


2642*10 


28 


87.964 


6x5-75 


59 


'55*35 


2734-00 


i 


89-535 


637-94 


60 


X 88*49 


2827-40 


29 


91*106 


660*52 


1 6x 


191*63 


2922*50 


i 


92*677 


683*49 


62 


194-77 


30x9*10 


30 


94-248 


706*86 


63 


197*92 


31x7*20 


i 


95-8x8 . 


730-6X 


64 


20X-06 


32x7*00 


31 


97-389 


754-76 


65 


204*20 


3318*30 


i 


98*968 


779-31 


66 


207*34 


342X-20 


32 


100*530 


804*24 


67 


2x0-48 


3525-70 


i 


I02*I00 


829-57 


68 


2x3*62 


3631-70 


33 


103*670 


855-30 


69 


2x6*77 


3739-30 


i 


105*240 


88x*4X 


70 


2X9-9X 


3848-50 


34 


io6*8io 


907*92 


71 


223*05 


3959-20 


i 


108*380 


934-82 


72 


226-19 


4071-50 
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E. — ^Principal Standards for Wire Gauge used in the United 
States : Dimensions of Sizes in Decimal Parts of an Inch. 



Number of 
Wire Gauge. 


American, or 

Brown and 

Sharpe. 


English, or 

Birmingham 

or Stubs'. 


Washburn 
and 
Moen Manu- 
facturing Co. 


Number of 
Wire Gauge, 


oooooo 


__^ 




•4600 


oooooo 


ooooo 


— 




•4300 


ooooo 


oooo 


■460000 


•454 


•3930 


0000 


GOO 


•409640 


•425 


•3620 


000 


GO 


•364800 


•380 


•3310 


00 


o 


•324860 


•340 


•3070 





I 


•289300 


.300 


•2830 


I 


2 


•257630 


•284 


•2630 


2 


3 


•229420 


•259 


•2440 


3 


4 


•204310 


•238 


•2250 


4 


5 


•181940 


•220 


•2070 


5 


6 


•162020 


•203 


•1920 


6 


7 


•144280 


•180 


•1770 


7 


8 


•128490 


•165 


•1620 


8 


9 


•114430 


•148 


•1480 


9 


lo 


•I 01 890 


•134 


•1350 


10 


II 


•090742 


•120 


•1200 


II 


12 


•080808 


•109 


•1050 


12 


13 


•071961 


•095 


•0920 


13 


14 


•064084 


•083 


•0800 


14 


15 


•057068 


•072 


•0720 


15 


16 


•050820 


•065 


•0630 


16 


17 


•045257 


•058 


•0540 


17 


18 


•040303 


•049 


•0470 


18 


19 


•035890 


•042 


•0410 


19 


20 


•031961 


•035 


•0350 


20 


21 


•028462 


•032 


•0320 


21 


22 


•025347 


•028 


•0280 


22 


23 


•022571 


•025 


•0250 


23 


24 


•020100 


•022 


•0230 


24 


25 


•017900 


•020 


•0200 


25 


26 


•015940 


•018 


•0180 


26 


27 


•014195 


•016 


•0170 


27 


28 


•012641 


•014 


•0160 


28 


29 


•011257 


•013 


•0150 


29 


30 


•010025 


•012 


•0140 


30 


31 


•008928 


•010 


•0135 


31 


32 


•007950 


•009 


•0130 


32 


33 


•007080 


•008 


•Olio 


33 


34 


•006304 


•007 


•oioo 


34 


35 


•005614 


•005 


•0095 


35 


36 


•005000 


•004 


•0090 


36 


37 


•004453 




•0085 


37 


38 


•003965 




•0080 


38 


39 


•003531 




•0075 


39 


40 


•003144 




•0070 


40 
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F. — International Metric Threads: Angle of Thread, 

60 Degrees. 



Diameter. 


Pitch. 

ram. 
0-55 


mm* 

2-35 


1 
1 

Diameter. 


Pitch. 


Tapping- 
Hole. 


mm« 

3 


mm. 
14 


mm. 
2'00 


n«6o 


4 


0*70 


3-25 


16 


2-00 


i3*^<* 


5 


0-85 


4-05 


18 


2*50 


i4-9i) 


6 


I •00 


4-90 


20 


2«50 


16-95 


7 


I'OO 


5-90 


22 


2*50 


18-95 


8 


I'25 


6»6o 

1 


24 


3.00 


20-35 


9 


I'25 


7'6o 


27 


3.00 


23-35 


ID 


1*50 


8-25 


30 


3-50 


25-70 


II 


I '50 


9-25 


33 


3-50 


28-70 


12 


1-75 


9-95 


36 


4»oo 


31-05 
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G. — British Association (B.A.) Scrsw Threads. 



Number. 


Nominal Dimensions 

in Thousandths of 

an Inch. 


Threads 


Absolute Dimensions 
in Millimetres. 






per Inch, 






Diameter. 


Pitch. 


Diameter. 


Pitch. 


25 


10 


2-3 


353 


0-25 


0-07 


24 


II 


3-1 


317 


0*29 1 0'o8 


23 


13 


3-5 


285 


0-33 


0*09 


22 


15 


3-9 


259 


0-37 


O'lO 


21 


17 


4-3 


231 


0*42 


O'll 


20 


19 


4-7 


212 


0-48 


0*I2 


19 


21 


5'5 


181 


0-54 


0*14 


18 


24 


5-9 


169 


0*62 


0-15 


17 


28 


6«7 


149 


0*70 


0*17 


16 


31 


7-5 


134 


0-79 


0*19 


15 


35 


8-3 


121 


0*90 


0*2I 


14 


39 


9-1 


no 


i»oo 


0-23 


13 


47 


9-8 


lOI 


I'20 


0-25 


12 


51 


II'O 


90-7 


1-30 


0'28 


II 


59 


12*2 


8i«9 


1-50 


0*31 


10 


67 


I2'8 


72*6 


1*70 


0'35 


9 


75 


15-4 


65*1 


1*90 


0-39 


8 


87 


i6'9 


59-1 


2*20 


0-43 


7 


98 


i8-9 


52-9 


2-50 


0-48 


6 


no 


20»9 


47-9 


2-8o 


0-53 


5 


126 


23.2 


43-0 


3.20 


0-59 


4 


142 


26*0 


38-5 


3.60 


o«66 


3 


161 


28'7 


34-8 


4'io 


0.73 


2 


185 


31-9 


31*4 


4-70 


o-8i 


I 


209 


35-4 


28' 2 


5-30 


0*90 





236 


39-4 


25-4 


6*oo 


i*oo 
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H. — Whitworth's Standard Screw Threads for Bolts. 



Diameter 


of Bolt. ^ 


Number 


Diameter 






Thick- 
ness of 
Bolt 


Thick- 




^ 


of 


at 


Distance 


Distance 


X nirvn 






Threads 


Bottom 


across 


across 


ness 






of 
Nut. 


Fractional 


Decimal 


per 


of 


Flats. 


Corners, 


Sizcit. 


. Sizes. 


Inch, 


Thread, 






A A K/tW«V* 


A » •^•'« 


^ 


0-1875 


24 


0-1341 


0-4380 


0-50x5 


0*1560 




i 


©•2500 


20 


0-1860 


0-5250 


0-6062 


0-2187 


i 


^ 


o«3i25 


18 0-2414 


0-6014 


0*6944 


0-2734 


A 


1 


0-3750 


16 


0-2950 


0-7094 


0-8191 


0-3281 


i 


^ 


0-4375 


14 


0-3460 


0-8204 


0-9473 


0*3828 


A 


i 


0*5000 


12 


0-3933 


0-9191 


I -061 2 


0-4375 


i 


A 


0-5625 


12 


0-4558 


I-OIIO 


1-1674 


0-4921 


i\ 


i 


0*6250 


II 


0-5086 


I-IOIO 


1*2713 


0-5468 


i 


\h 


0-6875 


II 


0-5711 


I-20II 


1-3869 


0-6015 


H 


i 


0-7500 


10 


0-6219 


1-3012 


1-5024 


0-6562 


i 


i-^ 


0-8125 


10 


0-6844 


1-3900 


1-6050 


0-7109 


H 


J 


0-8750 


9 


0-7327 


1-4788 


1-7075 


0-7656 


I 


I 


I -0000 


8 


0-8399 


1-6701 


1-9284 


0-8750 


I 


i^ 


1-1250 


7 


0-9420 


1-8605 


2-1483 


0-9843 


i^ 


li 


1-2500 


7 


1-0670 


2-0483 


2*3651 


1-0937 


ii 


I 


I-3750 


6 


1-1616 


2-2146 


2-5571 


I -203 1 


1} 


I 


1-5000 


6 


1-2866 


2*4134 


2-7867 


I-3I25 


i} 


I 


1-6250 


5 


1-3689 


2-5763 


2*9748 


I-4218 


I* 


I 


1*7500 


5 


1-4938 


2-7578 


3-1844 


I-53I2 


If 


2 


2-0000 


4-500 


1-7154 


3-1491 


3-6362 


1-7500 


2 


2:; 
2 


2-2500 


4 


1-9298 


3-5460 


4-0945 


1-9687 


2;: 


2-5000 


4 


2-1798 


3-8940 


4.4964 


2-1875 


2 ■ 


2 


2-7500 


3-500 


2-3841 


4-I8IO 


4-8278 


2-4062 


2:- 


3 


3-0000 


3-500 


2-6341 


4-5310 


5-2319 


2-6250 


3, 


3;: 
3 


3.2500 


3-250 


2-8560 


4-8500 


5-6002 


2-8430 


4 


3*5000 


3-250 


3-1060 


5-1750 


5-9755 


3-0620 


3i 


3i 


3-7500 


3 


3-3231 


5-5500 


6-4085 


3-2810 


3i 


4 


4-0000 


3 


3-5731 


5-9500 


6-8704 


3-5000 


4 


4i 


4-5000 


2*875 


4-0546 


6-8250 


7-8819 


3-9370 


4i 


5 


5-0000 


2-750 


4-5346 


7-S000 


9-0066 


4-3750 


5. 


5i 


5-5000 


2-625 


5-0125 


8-8500 


10*2190 


4-8120 


5i 


6 


6-0000 


2-500 


5-4880 


10-0000 


11-5470 


5-2500 


6 
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J. — Whitworth Threads for Gas and Water Pipes. 



Internal 

Diameter 

of Pipe. 


Diameter 

at Top of 

Thread. 


i 


0*3830 


i 


0'5i8o 


i 


o»656o 


1 


0*8250 


t 


©•9020 


i 


i'04io 


I 


i»i890 


I 


1-3090 


li 


I '6500 


»l 


1*8820 


If 


2*1 160 


2 


2-3470 


2i 


2-5870 


2i 


2-9600 


2i 


3-2100 


3 


3*46oo 


3i 


3-7000 


3i 


3.9500 






0-3370 
0-4510 
0-5890 
0-7340 

o-8iio 
0-9500 
1-0980 
1-1930 

1-5340 
1-7660 

2-0000 

2-2310 

2-4710 

2-8440 

3.0940 

3-3440 
3-5840 
^•8340 



Number of 

Threads 

per Inch. 


Internal 

Diameter 

of Pipe. 


Diameter 

at Top of 

Thread. 


Diameter 
at Bottom 
of Thread. 


Number of 
Threads 
per Inch, 


28 


3* 


4-2000 


4-0840 


II 


19 ; 


4 

1 


4-4500 


4-3340 


II 


19 t 4i 


4-9500 


4-8340 


II 


14 , 5 


5-4500 


5-3340 


.11 


14 : 5i 


5-9500 


5-8340 


II 


14 ; 6 


6-4500 


6-3340 


II 


14 " 7 


7-4500 


7.3220 


10 


II ;| 8 


8-4500 


8*3220 


10 


1 


9-4500 


9*3220 


10 


1 

T T ' 
1 


10 


10-4500 


10.3220 


10 


II > II 


11-4500 


11*2900 


8 


II 1 12 


12-4500 


12*2900 


8 


II ' 13 

1 i 


13-6800 


13-5200 


8 


I, 14 

1 


14*6800 


14*5200 


8 


1 

II 15 

,1 


15*6800 


15-5200 


8 


II 1 X6 


16*6800 


16*5200 


8 




1 
17 


17*6800 


17-5200 


8 


" 1 


18 


1 8-6800 


18-5200 


8 



APPENDIX IV 

TABLES OF EQUIVALENTS 

A. — Useful Information. 

B. — Inches into Millimetres. 

C. — Millimetres into Inches. 

D. — Square Inches into Square Centimetres. 

E. — Cubic Inches into Cubic Centimetres. 

F. — Pounds into Kilogrammes. 

G. — Kilogrammes into Pounds. 

H. — Kilogrammes per Square Centimetre into Pounds per 
Square Inch. 

I. — Pounds per Square Inch into Kilogrammes per Square 
Centimetre. 

J — Kilometres into Miles. 
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A. — Useful Information. 



I knot 


= 6,080 feet per hour = i»689 feet per sec. 


I pound avoirdupois 


= 7,000 grains =453*6 grams. 


Weight of I pound 


=445,000 dynes. 


I foot pound 


= 1*3562 X 10^ ergs. 


I horse-power 


= 33,000 foot-pounds per minute. 


** 


=550 foot-pounds per sec. =746 watts. 


ft 


= 1*0139 force de cheval. 


I radian 


=57*296 degrees. 


w radians 


= 180 degrees. 


TT 


= 3*1415926. 


TT* 


=9*869604. 


sjir 


= 1772453. 


Value of g at London 


= 32*182 feet per second, per second. 


I kilometre 


=0*62137 niile. 


I mile per hour 


= 1*467 feet per second. 


I kilogrammetre 


— 7*233 foot-pounds. 



Air, 

I cubic foot at 14*7 pounds pressure, and at 32° F. weighs 0*080728 
pounds = 1*29 ounces. 

Pressure. of one atmosphere = 14*7 pounds per square inch. 

= 2n6*4 pounds per square foot. 

= 1*0335 kilogrammes per sq. centimetre. 

= 29*92 inches of mercury at 32® F. 

= 76 centimetres of mercury at 32** F. 

= 33*95 feet of water at 62° F. 
I pound per square inch =2*035 inches of mercury at 32° F. 

= 51*7 millimetres of mercury at 32° F. 

= 2*31 feet of water at 62° F. 
I litre of air at atmospheric pressure and at 32° F. = 1*293 grammes. 
I pound of air at 62® F. = 13*141 cubic feet. 



tt »t i» 
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Variation of Density of Air with Temperatisre, 



Temperature in 
Degrees Fah. 


Cubic Feet per 
Pound. 


Pounds per Cubic 
Foot. 





11-583 


0-08633 


32 


12-237 


0-08073 


40 


12-586 


0-07944 


50 


12-840 


0-07788 


60 


13-141 


0-07609 


70 


13-342 


0-07495 


80 


13-593 


0-07356 


90 


13-845 


0-07223 


100 


14-096 


j 0-07094 


150 


15-351 


0-06515 


200 


i6-6o6 


0-06021 


» 


Skin Friction, 





For a thin flat plate placed edgewise in th« air-stream, the skin fric- 
tion may be expressed as F= 0-0000082 A®'®^ v^'^^ (Zahm), where 
F=force in lbs., v is the velocity in feet per second, and A the area of 
one surface of the plate; or F = '00003 16 A®*®3.vi-86 when V is in 
M.P.H. 

An approximate rule for giving fairly accurate values from o to loo 
miles per hour is (Berriman) F= 0-0000 18 A-V^, where A is the area of 
the double surface, and V the velocity in feet per second. 

This approximate formula gives results which are correct at 40 miles 
per hour, but which are about 10 per cent, too high at 100 miles per 
hour. 



A useful figure to remember is that the skin friction per double 
square foot at 60 miles an hour is 0-06 pound, and that it varies approxi- 
mately as the square of the velocity. ^ 



f 



/ 



'). 



h V • '/ r 



,CroffCJ i ^"J 
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Skin FricHon per Single Surface, 
R«o*ooooo82 A®-« Vi-» 



V, 


V. 


E 


km 


Speed in Miles 
per Hour. 


Speed in Feet 
per Second. 


Plane 1 Foot in Length : 

Skin Friction in Pounds 

per Square Foot. 


Plane 82 Feet in T.ength: 

Skin Friction in Pounds 

per Square Foot. 


5 


7-3 


-000332 


•000261 


lO 


14-7 


-OOI2IO 


-000950 


15 


22'0 


•002580 


•002020 


20 


29-3 


-004390 


•003450 


25 


36-7 


•006760 


•005300 


30 


44-0 


•009380 


•007370 


35 


51-3 


•012540 


•009850 


40 


58-7 


•015960 


•012500 


45 


66'0 


-019900 


-015600 


50 


73-3 


-024400 


-019200 


55 


80-7 


-029100 


-022900 


60 


88«o 


•034200 


•026800 


65 


95-3 


•039600 


•031 100 


70 


I02«7 


•045500 


•035700 


75 


IIO'O 


•051600 


•040500 


80 


"7-3 


•058700 


•046100 


85 


124-7 


•065200 


•051200 


90 


I32»0 


•072800 


-057200 


95 


139*3 


•080000 


•062800 


100 


146-7 


•087800 


-068900 


105 


I54-0 


-096400 


•075600 


no 


l6l«2 


•105400 


•082700 


"5 


168*6 


•II3OOO 


•088700 


120 


175-8 


•122500 


•096200 


125 


183-4 


•132900 


•104200 


130 


190-5 


•142500 


•II1800 


135 


197-8 


•149000 


•I 16800 


140 


205-4 


•163500 


•128300 


145 


212-5 


•175000 


•137300 


150 


220-0 


-187500 


•147000 



Wind Pressure upon Normal Flat Planes. 

P= 0^00300 A-V*. 
=0-001392 A-i;2. 

Where V is the velocity of the air in miles per hour, v the velocity 
in feet per second, A the area in square feet, and P the pressure in 
pounds. [The value of the constant varies slightly with the size of 
the plane, and the above refers to areas of 2 sq. ft. d above.] 
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Pressure upon Inclined Flat Plates.* 

Q 

(Eiffel.) P0=— . P for angles between 0° and 35° for square plates, 

where P^ is the normal pressure at the inclination 9° to the direction 
of the air-flow, and P is the normal pressure at 90**. 

Above 35° P^ =P for square plates. 

For plates with an aspect ratio =6, P0=— P for angles up to 60°. 

Over 6o^ Pe=P. 

It will be seen that the normal pressure between 45° and 60° exceeds 
the normal pressure at 90°. 



Densities and Specific Heats of Gases. 



Name of Gas. 


Density in 
Pounds per 
Cubic Foot. 


Cubic Feet 
per Pound. 


Specific 

Heat at 

Constant 

Volume. 


Specific 

Heat at 

Constant 

Pressure. 


x\ir • • • • • • 


•08073 


12-39 


©•169 


©•238 


Hydrogen . . 


•00559 


178^80 


2^410 


3-405 


Oxygen . . . . 


•0895© 


ii^i8 


0*156 


©•2l8 


Nitrogen . . 


•07830 


12^77 


0-I73 


©•244 


Carbon monoxide 


•07830 


12^77 


0-173 


©•244 


Carbon dioxide . . 


! -12300 


8^13 


©•171 


©-216 


Methane . . 


•04470 


22^35 


©•470 


0-593 


Ethylene . . 


•07830 


12^77 


0-332 


©•404 


Steam 






0.369 


©•48© 



Linear Measure, 



I inch 


= 25^4©© millimetres 


I f ©©t 


=©^3©48 metre. 


I yard 


=©•9144 metre. 


I fath©m 


=6 feet. 


1* 


= 1^8288 metres. 


I mile 


= i'6©93 kil©metres. 



I millimetre =©^©393 7 inch. 
I metre =3-28©9 feet, 

„ = I -©936 yards. 

I kil©metre =©^6214 mile. 



* Fuller inf©rmati©n is giyen in " The Pr©perties of Wing Secti©ns 
and the Resistance of Bodies/' in this S^ies. 
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Superficial Measure. 



I square inch 
I square foot 
I square yard 



=6*4516 square centimetres. 
=0*093 square metre. 
=0*837 square metre. 



I square centimetre =0*155 square inch. 
I square metre = 10*764 square feet. 

I square metre =1*197 square yards. 



Cubical Measure. 



I cubic inch 
I cubic foot 
I cubic yard 

I cubic centimetre 
I cubic metre 
»» »» 

I gallon 

I U.S.A. gallon 

I litre 



= 16*387 cubic centimetre. 
=0*0283 cubic metre. 
=0*7645 cubic metre. 

=0*0610 cubic inch. 
= 35*3147 cubic feet. 
= 1*3079 cubic yards. 

=4*546 litres. 

= 231 cubic inches. 

= 0*83254 imperial gallon. 

= 0*2199 gallon. 



I ounce 
I pound 
I cwt. 
I ton 



Weight. 

=28*35 grammes. 
=0*4536 kilogranmie. 
=50*80 kilogrammes. 
= 1,016 kilogrammes. 



I American ton =2,000 pounds. 



I kilogramme 
I metric ton 



t* 



= 2*2046 pounds. 

= 1,000 kilogrammes. 

= 2,204*6 pounds. 



I gallon of pure water weighs 10 pounds. 

I cubic foot of pure water weighs 62*32 pounds and=6J gallons. 

I cubic foot of sea water weighs 64 pounds. 

Head of water x 0*4325= pounds per square inch. 
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B. — Equivalents in Millimetres of Inches and Fractions of an 

Inch, advancing by 32NDS. 



Inches, 



o^ 



T?? 



3 



h 



5i 

• • 

• • • 

9 
5? • 



i\ 



• • f« • • 



1 1 



1 a 






I 
• • T 



#7 • 



• • • 



i 



• • T« • • 

•g-j < • • • 



l^. 



0-794 

1-587 
2«38i 

3-175 
3.969 

4»762 
5-556 

6*350 

7-144 
7-937 
8-731 

9-525 
io»3i9 

II*II2 

1 1 '906 

12«700 

13-494 
14*287 

i5*o8i 

15-875 
16-668 

1 7*462 

18*256 

19*050 
19*843 
20*637 
21*431 

22*225 
23*018 
23*8x2 
24*606 



25*400 
26*193 
26*987 
27*781 

28*574 
29*368 

30*162 

30*956 

31-749 
32*543 
33-337 
34-131 

34-924 
35-718 
36*512 
37.306 

38*099 

38*893 
39.687 

40*481 

41*274 
42*068 
42*862 

43-655 

44.449 

45-243 
46*037 
46*830 

47*624 
48*418 
49*212 
50-005 



2*. 



50-799 

51-593 

52-387 
53-180 

53-974 
54-768 

55-561 

56*355 

57-149 
57-943 
58*736 
59-530 

60*324 
6i*ii8 
61*911 
62*705 

63*499 
64*293 
65*086 
65*880 

66*674 
67*468 
68*261 

69-055 

69*849 
70.642 

71-436 
72*230 

73-024 

73-817 
74*6x1 

75-405 



3^ 



4". 



76*199 
76*992 
77*786 

78*580 
. 79-374 

80.167 
80*961 

81-755 

82*549 

83-342 
84*136 

84*930 

85-723 
86*5x7 

87*311 

88*105 

88.898 
89*692 
90.486 
91*280 

92*073 
92*867 
93*661 

94-455 

95-248 
96*042 
96.836 
97*629 

98*423 
99*217 

lOO'OXI 

100*804 



01*598 
02*392 
03*1 86 
03-979 

04-773 
05-567 
06*361 

07-154 

07*948 
08*742 

09*536 
10*329 

XX*I23 

11*9x7 
12*710 

13-504 

14*298 
15*092 

15*885 

16*679 

17-473 
18*267 

X 9*060 
19-854 

20*648 
21*442 
22*235 
23*029 

23*823 
24*6x6 
25*4x0 
26*204 



5'. 



26*998 
27*791 
28*585 
29.379 

30-173 
30*966 

31*760 
32-554 

33-348 
34-141 
34-935 
35-729 

36-523 
37-316 
38.X10 
38*904 

39-697 
40-491 
41-285 
42.079 

42*872 
43*666 
44*460 

45-254 

46*047 
46*841 

47-635 
48.429 

49*222 
50*0x6 
50*8x0 
51*604 
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Equivalents in Millimetres of Inches and Fractions of an Inch, 

ADVANCING BY 32NDS — Continued. 



Inches. 




• • 

• • 



bV 



H 



H 



« • 






I* 



A 



A 



1^ 



A 



152-397 
153-191 
153-985 
154-778 



i I 155-572 

..I I56«366 
. .j i57'i6o 

..' 157-953 

ii 158-747 
. .; 159-541 
160-335 
161*128 



161*922 
162*716 
163*510 
164*303 

165*097 
165*891 
166*684 
167*478 



H *. 



n 



168-272 
169-066 
169-859 
170-653 

171-447 
172-241 

173-034 
173-828 

174-622 
175-416 
176-209 
177*003 



r. 



77-797 
78-591 

79-384 
80-178 

80*972 
81-765 
82-559 
83-353 

84-147 
84-940 

85-734 
86-528 

87-322 
88-115 
88*909 
89*703 

90*497 
91*290 
92*084 
92*878 

93-672 
94-465 
95-259 
96*053 

96*846 
97-640 

98-434 
99-228 



200-021 
200-815 
201-609 
202-403 



8'. 



203*196 
203*990 
204*784 
205*578 

206-371 
207*165 
207-959 
208-752 

209-546 
2x0-340 
211*134 
211*927 

212-721 

213-515 
214-309 

215-102 

215-896 
216-690 
217-484 
218-277 

219-071 
219-865 
220-659 
221-452 

222-246 
223-040 
223-833 
224-627 

225-421 
226-215 
227-008 
227-802 



9'. 



228-596 
229-390 
230-183 
230-977 

231-771 

232-565 
233-358 
234-152 

234-946 
235-739 
236-533 
237-327 

238-121 
238*914 
239-708 
240-502 

241-296 
242-089 

242-883 

243-677 

244-471 
245*264 
246-058 
246-852 

247-646 
248-439 

249-233 
250-027 

250-820 
251-614 
252*408 
253*202 



10'. 



253-995 
254-789 
255-583 

256-377 

257*170 
257*964 
258-758 
259-552 

260-345 
261-139 
261-933 
262-727 

263-520 
264-3x4 
265-108 
265-90X 

266-695 
267-489 
268-283 
269-076 

269-870 

270-664 

271-458 
272-251 

273-045 
273-839 

274-633 
275-426 

276-220 
277-0x4 
277*807 
278*601 



IV. 



279-395 

280- X89 
280-982 
281-776 

282-570 

283-364 
284-X57 

284-95 X 

285-745 
286-539 

287-332 

288-126 

288*920 
289*7x4 
290-507 
291-30X 

292-095 
292-888 
293-682 
294-476 

295-270 
296-063 
296-857 
297-651 

298-445 
299-238 
300-032 
300-826 

30X-620 
302-4x3 
303*207 
304-00 X 
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C. — Equivalents of MillimetrEvS in Inches. 



Mm. - 


Inches. 


Mm. . 
41 


Inches. 


Mm. . 
81 


Inches. 


Mm. . 


Inches. 


Mm. . 


Inches. 


I 


0*039 


1*614 


3*189 


121 


4-764 


161 


6*339 


2 


0*079 


42 


1-654 


82 


3*228 


122 


4-803 


162 


6.378 


3 


o«ii8 


43 


1-693 


83 


3-268 


123 


4-843 


163 


6*417 


4 


0-I57 


44 


1*732 


84 


3-307 


124 


4*882 


164 


6-457 


5 


0'i97 


45 


1-772 


85 


3-346 


125 


4-921 


165 


6*496 


6 


0'236 


46 


1*811 


86 


3-386 


126 


4-961 


166 


6-535 


7 


0*276 


47 


1*850 


87 


3-425 


127 


5*000 


167 


6-575 


8 


0-315 


48 


1*890 


88 


3-465 


128 


5-039 


168 


6-614 


9 


0-354 


49 


1*929 


89 


3-504 


129 


5-079 


169 


6-654 


lO 


0-394 


50 


1*969 


90 


3-543 


130 


5-118 


170 


6*693 


II 


0-433 


51 


2*008 


91 


3-583 


131 


5-158 


171 


6-732 


12 


0*472 


52 


2*047 


92 


3*622 


132 


5-197 


172 


6*772 


13 


0*512 


53 


2*087 


93 


3*661 


133 


5-236 


173 


6*811 


14 


0-55I 


54 


2*126 


94 


3-701 


134 


5-276 


174 


6*850 


15 


0*591 


55 


2*165 


95 


3-740 


135 


5-315 


175 


6*890 


i6 


0*630 


56 


2*205 


96 


3-780 


136 


5-354 


176 


6*929 


17 


0*669 


57 


2-244 


97 


3-819 


137 


5-394 


177 


6*969 


i8 


0*709 


58 


2*283 


98 


3-858 


138 


5-433 


178 


7 '008 


19 


0*748 


59 


2*323 


99 


3-898 


139 


5-472 


179 


7*047 


20 


0*787 


60 


2*362 


100 


3-937 


140 


5-512 


180 


7*087 


21 


0*827 


61 


2*402 


lOI 


3-976 


141 


5-551 


181 


7*126 


22 


0*866 


62 


2*441 


102 


4*oi6 


142 


5-591 


182 


7-165 


23 


0*906 


63 


2*480 


103 


4-055 


143 


5-630 


183 


7-205 


24 


0-945 


64 


2*520 


104 


4-095 


144 


5-669 


184 


7-244 


25 


0*984 


65 


2-559 


105 


4-134 


145 


5-709 


185 


7-284 


26 


1*024 


66 


2*598 


106 


4-173 


146 


5-748 


186 


7-323 


27 


1-063 


67 


2*638 


107 


4-213 


147 


5-787 


187 


7.362 


28 


1*102 


68 


2*677 


108 


4-252 


148 


5-827 


188 


7-402 


29 


1*142 


69 


2*717 


109 


4*291 


149 


5*866 


189 


7-441 


30 


I*i8i 


70 


2*756 


no 


4-331 


150 


5*906 


190 


7-480 


31 


I*220 


71 


2*795 


III 


4-370 


151 


5-945 


191 


7.520 


32 


1*260 


72 


2-835 


112 


4-409 


152 


5-984 


192 


7-559 


33 


1*299 


73 


2-874 


113 


4-449 


153 


6*024 


193 


7-598 


34 


1-339 


74 


2*913 


114 


4*488 


154 


6*063 


194 


7-638 


35 


1-378 


75 


2*953 


"5 


4-528 


155 


6*102 


195 


7-677 


36 


1*417 


76 


2*992 


116 


4-567 


156 


6*142 


196 


7*717 


37 


1-457 


77 


3-032 


117 


4*606 


157 6*181 


1 197 


7-756 


38 


1*496 


78 


3-071 


118 


4*646 158 


6*221 198 


7-795 


39 


1-535 


79 


3«iio 


119 


4-685 159 


6*260 199 


7-835 


40 


X-575 


80 


3-150 


120 


4*724 160 


6*299 200 


7-874 



13 
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THE DESIGN OF AEROPLANES 



Equivalents of Millimetres in Inches — continued. 



Mm. 1 


Inches. 
7-913 


Mm. 
241 


Inches. 


Mm. 
281 


Inches. 


Mm. 
321 


Inches. 


Mm. 


Inches. 


20I 


9-488 


11-063 


12*638 


361 


14-213 


202 


7-953 


242 


9-528 


282 


II-I02 


322 


12*677 


362 


14-252 


203 


7.992 


243 


9^567 


283 


11*142 


323 


12*717 


363 


14*291 


204 


8-032 


244 


9-606 


284 


11-181 


324 


12*756 


364 


14-331 


205 


8-07 1 


245 


9-646 


285 


II-22I 


325 


12-795 


365 


14-370 


206 


8* no 


246 


9^685 


286 


11-260 


326 


12*835 


366 


14*410 


207 


8«i5o 


247 


9-724 


287 


11*299 


327 


12*874 


367 


14*449 


208 


.8*189 


248 


9-764 


288 


"•339 


328 


12*913 


368 


14*488 


209 


8-228 


249 


9-803 


289 


11*378 


329 


12-953 


369 


14-528 


210 


8-268 


250 


9-843 


290 


11*417 


330 


12-992 


370 


14^567 


211 


8-307 


251 


9*882 


291 


"•457 


331 


13.032 


371 


14-606 


212 


8-347 


252 


9-921 


292 


11*496 


332 


i3^07i 


372 


14*646 


213 


8-386 


253 


9-961 


293 


"•536 


333 


13*110 


373 


14^685 


214 


8-425 


254 


lO-OOO 


294 


"•575 


334 


13-150 


374 


14^725 


215 


8.465 


255 


10-039 


295 


11*614 


335 


13*189 


375 


14*764 


216 


8-504 


256 


10-079 


296 


11*654 


336 


13*228 


376 


14^803 


217 


8-543 


257 


lo-iiS 


297 


11-693 


337 


13*268 


377 


14-843 


218 


8-583 


258 


10-158 


298 


11-732 


338 


I3^307 


378 


14*882 


219 


8-622 


259 


10-197 


299 


11*772 


339 


13-347 


379 


14*921 


220 


8-661 


260 


10-236 


300 


11*811 


340 


13-386 


380 


14*961 


221 


8-701 


261 


10-276 


301 


11*850 


341 


13-425 


381 


15*000 


222 


8-740 


262 


10-315 


302 


11*890 


342 


13-465 


382 


15-040 


223 


8-780 . 


263 


10-354 


303 


11*929 


343 


13-504 


^P 


15*079 


224 


8-819 


264 


10-394 


304 


11*969 


344 


13-543 


384 


15-I18 


225 


8-858 


265 


IO-433 


305 


12*008 


345- 


13-583 


385 


15*158 


226 


8-898 


266 


10-473 


306 


12*047 


346 


13*622 


386 


15-197 


227 


8-937 


267 


10-512 


307 


12-087 


347 


13*662 


387 


15-236 


228 


8-876 


268 


10-551 


308 


12-126 


348 


13-701 


388 


15-276 


229 


9-016 


269 


10-591 


309 


12-165 


349 


13-740 


389 


15-315 


230 


9-055 


270 


10-630 


310 


12*205 


350 


13*780 


390 


15-354 


231 


9-095 


271 


10-669 


3" 


12-244 


351 


13*819 


391 


15-394 


232 


9-134 


272 


10-709 


312 


12-284 


352 


13-858 


392 


15-433 


233 


9-173 


273 


10-748 


313 


12*323 


353 


13-898 


393 


15-473 


234 


9-213 


274 


10-787 


314 


12*362 


354 


13-937 


394 


15-512 


235 


9-252 


275 


10*827 


315 


12*402 


355 


13-977 


395 


15-551 


236 


9-291 


276 


io*866 


316 


12*441 


356 


14*0x6 


396 


15-591 


237 


9-331 


277 


10*906 


317 


12*480 


357 


14-055 


397 


15-630 


238 


9^370 


278 


10-945 


318 


12*520 


358 


14-095 


398 


15-669 


239 


9-410 


279 


10*984 


319 


12-559 


359 


14-134 


399 


15*709 


240 


9-449 


280 


11-024 


320 


12*599 


360 


14-173 


400 


15-748 
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Equivalents of Millimetres in Inches — continued. 



Mm, 


Inches. 


Mm. 


Inches. 


Mm. 


Inches. 


Mm. 


Inches, 


Mm. 
561 


Inches. 


401 


15-788 


441 


17*362 


481 


18*937 


521 


20*512 


22-087 


402 


15-827 


442 


17*402 


482 


i8*977 


522 


20*551 


562 


22*126 


403 


15-866 


443 


17*441 


483 


19*016 


523 


20*591 


563 


22*166 


404 


15-906 


444 


17*480 


484 


19-055 


524 


20*630 


564 


22-205 


405 


15-945 


445 


17*520 


485 


19*095 


525 


20*669 


565 


22*244 


406 


15-984 


446 


17-559 


486 


19-134 


526 


20*709 


566 


22*284 


407 


i6»024 


447 


17-599 


487 


19-173 


527 


20*748 


567 


22*323 


408 


16*063 


448 


17-638 


488 


19*213 


528 


20*788 


568 


22*362 


409 


i6*io3 


449 


17*677 


489 


19-252 


529 


20*827 


569 


22*402 


410 


i6'i42 


450 


17-717 


490 


19*292 


530 


20*866 


570 


22-441 


411 


i6«i8i 


451 


17-756 


491 


19-331 


531 


20*906 


571 


22*481 


412 


l6«22I 


452 


17-795 


492 


19*370 


532 


20*945 


572 


22*520 


413 


16*260 


453 


17-835 


493 


19-410 


533 


20*984 


573 


22*559 


414 


16*299 


454 


17-874 


494 


19-449 


534 


21-024 


574 


22*599 


415 


i6*339 


455 


17-914 


495 


19-488 


535 


21*063 


575 


22*638 


416 


16*378 


456 


17-953 


496 


19-528 


536 


21-103 


576 


22*677 


417 


i6»4i7 


457 


17.992 


497 


19-567 


537 


21-142 


577 


22*717 


418 


16-457 


458 


18-032 


498 


19*606 


538 


2I-l8l 


578 


22*756 


419 


16*496 


459 


18*071 


499 


19*646 


539 


21-221 


579 


22*795 


420 


Ji6*536 


460 


i8*iio 


500 


19*685 


540 


21-260 


580 


22*835 


421 


16-575 


4^1 


18-150 


501 


19-725 


541 


21*299 


581 


22*874 


422 


16*614 


462 


18*189 


502 


19*764 


542 


21-339 


582 


22*914 


423 


16*654 


463 


18-229 


503 


19-803 


543 


21-378 


583 


22*953 


424 


•16*693 


464 


18-268 


504 


19-843 


544 


21-418 


584 


22*992 


425 


16*732 


465 


18*307 


505 


19-882 


545 


21-457 


585 


23-032 


426 


16*772 


466 


18-347 


506 


19-921 


546 


21-496 


586 


23-071 


427 


16*811 


467 


18*386 


507 


19-961 


547 


21*536 


587 


23-110 


428 


16*851 


468 


18*425 


508 


20*000 


548 


21-575 


588 


23-150 


429 


16*890 


469 


18*465 


509 


20*040 


549 


21*614 


589 


23-189 


430 


16*929 


470 


18*504 


510 


20*079 


550 


21*654 


590 


23-229 


431 


16*969 


471 


.18*543 


5" 


20*118 


551 


21*693 


591 


23-268 


432 


17*008 


472. 


.18*583 


512 


20*158 


552 


21-732 


592 


23-307 


433 


17*047 


473 


18*622 


513 


20*197 


553 


21-772 


593 


23-347 


434 


17*087 


474 


18*662 


514 


20*236 


554 


21*811 


594 


23-385 


435 


17*126 


475 


18*701 


515 


20*276 


555 


21*851 


595 


23-424 


436 


17-166 


476 


18*740 


516 


20*315 


556 


21*890 


596 


23-464 


437 


17-205 


477 


18*780 


517 


20*355 


557 


21*929 


597 


23-503 


438 


17*244 


478 


18*819 


518 


20*394 


558 


21*969 


598 


23-543 


439 


17-284 


479 


18*858 


519 


20*433 


559 


22*008 


599 


23-582 


440 


17-323 


480 


18-898 


520 


20-473 


560 


22*047 


600 


23*622 
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Equivalents of Millimetres in Inches — continued. 



Mm. 


Inches, 


Mm, 


Inches, 


Mm, 
681 


Inches, 


Mm, 


Inches, 


Mm. 

761 


Inches, 


601 


23'662 


641 


25-236 


26-811 


721 


28-386 


29-961 


602 


23'70i 


642 


25-276 


682 


26-851 


722 


28-425 


762 


30-000 


603 


23-740 


643 


25-315 


683 


26-890 


723 


28-465 


763 


30-040 


604 


23-780 


644 


25-355 


684 


26-929 


724 


28-504 


764 


30-079 


605 


23-8x9 


645 


25-394 


685 


26-969 


725 


28-544 


765 


30-118 


606 


23-858 


646 


25-433 


686 


27-008 


726 


28-583 


766 


30-158 


607 


23-898 


647 


25-473 


687 


27-047 


727 


28-622 


767 


30-197 


608 


23-937 


648 


25-512 


688 


27-087 


728 


28-662 


768 


30-236 


609 


23-977 


649 


25-551 


689 


27-126 


729 


28-701 


769 


30-276 


610 


24-016 


650 


25-591 


690 


27-166 


730 


28-740 


770 


30-315 


611 


24-055 


651 


25-630 


691 


27-205 


731 


28-780 


771 


30-355 


612 


24-095 


652 


25-670 


692 


27-244 


732 


28-819 


772 


30-394 


613 


24-134 


653 


25-709 


693 


27-284 


733 


28-859 


773 


30-433 


614 


24-173 


654 


25-748 


694 


27-323 


734 


28-898 


774 


30-473 


615 


24-213 


655 


25-788 


695 


27-362 


735 


28-937 


775 


30-512 


616 


24-252 


656 


25-827 


696 


27-402 


736 


28-977 


776 


30-551 


617 


24-292 


657 


25-866 


697 


27-441 


737 


29-016 


777 


30-591 


618 


24-331 


658 


25-906 


698 


27-481 


738 


29-055 


778 


30-630 


619 


24-370 


659 


25-945 


699 


27-520 


739 


29-095 


779 


30-670 


620 


24-410 


660 


25-984 


700 


27-559 


740 


29-134 


780 


30-709 


621 


24-449 


661 


26-024 


701 


27-599 


741 


29-173 


781 


30-748 


622 


24-488 


662 


26-063 


702 


27-638 


742 


29-213 


782 


30-788 


623 


24-528 


663 


26-103 


703 


27-677 


743 


29-252 


783 


30-827 


624 


24-567 


664 


26-142 


704 


27-717 


744 


29-292 


784 


30-866 


625 


24-607 


665 


26-181 


705 


27-756 


745 


29-331 


785 


30-906 


626 


24-646 


666 


26-221 


706 


27-796 


746 


29-370 


786 


30-945 


627 


24-685 


667 


26-260 


707 


27-835 


747 


29-410 


787 


30-985 


628 


24-725 


668 


26-299 


708 


27-874 


748 


29-449 


788 


31-024 


629 


24-764 


669 


26-339 


709 


27-914 


749 


29-488 


789 


31-063 


630 


24-803 


670 


26-378 


710 


27-953 


750 


29-528 


790 


31-103 


631 


24-843 


671 


26-418 


711 


27-992 


751 


29-567 


791 


31-142 


632 


24-882 


672 


26-457 


712 


28-032 


752 


29-607 


792 


31-181 


633 


24-921 


673 


26-496 


713 


28-071 


753 


29-646 


793 


31-221 


634 


24-961 


674 


26-536 


714 


28-110 


754 


29-685 


794 


31-260 


635 


25-000 


675 


26-575 


715 


28-150 


755 


29-725 


795 31-299 


636 


25-040 


676 


26-614 


716 


28-189 


756 


29-764 


796 


31-339 


637 


25-079 


677 


26-654 


717 


28-229 


757 


29-803 


797 


31-378 


638 


25-118 


678 


26-693 


718 


28-268 


758 


29-843 


798 


31-418 


639 


25-158 


679 


26-733 


719 


28-307 


759 


29-882 


799 


31-457 


640 


25-197 


680 26-772 


720 


28-347 


760 


29-922 


800 


31-496 



APPENDIX IV 



197 



Equivalents of Millimetres in Inches — continued. 



Mm. 


Inches. 


Mm. 
84X 


Inches. 
33-111 


Mm. 


Inches. 


Mm. 


Inches. 


Mm, 


Inches. 


801 


31*536 


88x 1 34-685 


92X 


36-260 


96 X 


37-835 


802 


31-575 


842 


33-150 


882 ; 34-725 


922 


36-300 


962 


37-874 


803 


31-6x4 


843 


33-189 


883 


34-764 


923 


36-339 


963 


37-914 


804 


31-654 


844 


33-229 


884 


34-803 


924 


36-378 


964 


37-953 


805 


31-693 


845 


33-268 


885 


34-843 


925 


36-4x8 


965 


37-992 


806 


31-733 


846 


33-307 


886 


34-882 


926 


36-457 


966 


38-032 


807 


31-772 


847 


33-347 


887 


34.922 


927 


36-496 


967 


38-07X 


808 


31-811 


848 


33-386 


888 


3H-96X 


928 


36-536 


968 


38-xxx 


809 


31-851 


849 


33-425 


889 


35-000 


929 


36-575 


969 


38-150 


810 


31-890 


850 


33-465 


890 


35-040 


930 


36-6x5 


970 


38-189 


8x1 


31-929 


851 


33-504 


89X 


35-079 


931 


36-654 


971 


38-229 


812 


31-969 


852 


33-544 


892 


35-II8 


932 


36-603 


972 


38-268 


813 


32-008 


853 


33-583 


893 


35-158 


933 


36-733 


973 


38-307 


814 


32-048 


854 


33-622 


894 


35-197 


934 


36-772 


974 


38-347 


815 


32-087 


855 


33-662 


895 


35-237 


935 


36-8XX 


975 


38-386 


8x6 


32-X26 


856 


33-701 


896 


35-276 


936 


36-85X 


976 


38-426 


8x7 


32-X66 


857 


33-740 


897 


35-315 


937 


36-890 


977 


38-465 


8x8 


32-205 


858 


33.780 


898 


35-355 


938 


36-929 


978 


38-504 


8x9 


32-244 


859 


33-819 


899 


35-394 


939 


36-969 


979 


38-544 


820 


32-284 


860 


33-859 


900 


35-433 


940 


37.008 


980 


38-583 


82X 


32-323 


86x 


33-898 


90X 


35-473 


94X 


37-048: 


98X 


38-622 


822 


32-362 


862 


33-937 


902 


35-512 


942 


37-087 


982 


38.662 


823 


32-402 


863 


33-977 


903 


35-552 


943 


37-126 


983 


38-701 


824 


32-441 


864 


34.0x6 


904 


35-591 


944 


37-166 


984 


38-741 


825 


32-481 


865 


34-055 


905 


35-630 


945 


37-205 


985 


38-780 


826 


32-520 


866 


34-095 


906 


35-670 


946 


37-244 


986 


38-8x9 


827 


32-559 


867 


34-134 


907 


35-709 


947 


37-284 


987 


38-859 


828 


32-599 


868 


34-174 


908 


35-748 


948 


37-323 


988 


38*898 


829 


32-638 


869 


34-213 


909 


35-788 


949 


37-363 


989 


38-937 


830 


32-677 


870 


34-252 


910 


35-827 


950 


37-402 


990 


38-977 


831 


32-7x7 


871 


34-292 


911 


35-866 


951 


37-441 


991 


39.0x6 


832 


32-756 


872 


34-331 


9x2 


35-906 


952 


37-481 


992 


39-055 


S33 


32-796 


873 


34-370 


913 


35-945 


953 


37-520 


993 


39-095 


834 


32-835 


874 


34-410 


9x4 


35-985 


954 


37-559 


994 


39-134 


S35 


32-874 


875 


34-449 


915 


36-024 


955 


37-599 


995 


39-174 


836 


32-914 


876 


34-488 


9x6 


36-063 


956 


37-638 


996 


39-213 


837 


32-953 


877 


34-528 


9x7 


36-103 


957 


37-677 


997 


39-252 


838 


32-992 


878 


34-567 


9x8 


36-142 


958 


37-717 


998 


39-292 


839 


33-032 


879 


34-607 


9x9 


36-X8X 


959 


37-756 


999 


39-331 


840 


33-071 


880 


34-646 


920 36-221 


960 


37.796 


1000 


39-370 
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THE DESIGN OF AEROPLANES 
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G. — Pounds in Kilogrammes. 



Lbs. 


A-i/o- 


1 Lbs. 


Kilo- 


; Lbs. 


Kilo- 


Lbs. 


Kilo- 




gratnmes. 


1 


grammes. 


1 

■ 


grammes. 




grammes, 


I 


0-454 


26 


11-793 


; 51 


23-133 


! 76 


34-473 


2 


0*907 


1 ^7 


12-247 


52 


23-587 


77 


34-927 


3 


1-361 


1 28 


12-701 


i 53 


24-040 


78 


35-380 


4 


1-814 


29 


13-154 


1 54 


24-494 


79 


35-834 


5 


2-268 


30 


13-608 


! 55 


24-948 


80 


36-287 


6 


2-722 


31 


14-061 


56 


25-401 


!' 


36-741 


7 


3-175 


32 


14-515 


57 


25-855 


82 


37-195 


8 


3-629 


33 


14-969 


58 


26-308 


83 


37-648 


9 


4-082 


; 34 


15-422 


59 


26-762 


, 84 


38-102 


ID 


4-536 


, 35 


15-876 


60 


27-252 


85 


38-555 


II 


4-989 


1 36 


16-329 


61 


27-669 


86 


39-009 


12 


5-443 


37 


16-783 


62 


28-123 


1 87 


39-463 


13 


5-897 


38 


17-236 


63 


28-576 


88 


39-916 


14 


6-350 


39 


17-690 


i 64 


29-030 


89 


40-370 


15 


6-804 


40 


18-144 


65 


29-483 1 


90 


40-823 


16 


7-257 


41 


18-597 


66 


29-937 


I 91 


41-277 


17 


7-711 


42 


19-051 


67 


30-391 


' 92 


41-731 


18 


8-165 


43 
44 


19-504 


68 


30-844 ■ 


93 


42-184 


19 


8-618 


19-958 


69 


31-298 


94 


42-638 


20 


9-072 


45 


20-412 


70 


31-751 


: 95 


43-091 


21 


9-523 


46 


20-865 


71 


32-205 


96 


43-545 


22 


9.979 


47 


21-319 


72 


32-659 


97 


43-998 


23 


10-433 


48 


21-772 


1 73 


33-112 


98 


44-452 


24 


IO-886 


49 


22-226 ' 


' 74 


33-566 


99 


44-906 


25 


11-340 


1 '° 


22-680 i 


75 


34-019 I 

1 
t 


100 

1 i 


45-359 



202 



THE DESIGN OF AEROPLANES 



H. — Kilogrammes in Pounds. 



1 

Kilos. 


Pounds. 

2»205 


Kilos. 

1 

1 


Pounds. 


Kilos. 


Pounds. 


Kilos. 

1 


Pounds, 


I 


26 


57-320 


51 


112*436 


76 


167-551 


2 


4*409 


1 27 


59-525 


52 


114-640 


77 


169-756 


3 


6'6i4 


28 


61-729 


53 


116-845 


78 


171-900 


4 


8-8i8 


29 


63-934 


54 


119-049 


79 


174-165 


5 


II«023 


30 


66-139 


55 


121-254 


80 


176-370 


6 


13*228 


31 


68*343 


56 


123-459 


1 81 


178-574 


7 


15-432 


32 


70-548 


57 


125-663 


82 


180-779 


8 


17-637 


33 


72-752 


58 


127-868 


! ?3 


182-983 


9 


19-842 


34 


74-957 


59 


130-073 


84 


185-118 


lO 


22*046 


35 


77-162 


60 


132-277 


85 


187-393 


II 


24*251 


36 


79.366 


61 


134-482 


; 86 


189*597 


12 


26*455 


37 


81-571 


62 


136-486 


i ^7 


191-802 


13 


28*660 


38 


83-776 


63 


138-891 


i 88 


194-010 


H 


30-865 


39 


85-980 


64 


141-096 


, 89 


196-2 1 1 


15 


33.069 


40 


88-185 


65 


143-300 


90 


198-416 


i6 


35-274 


41 


90*389 


66 


145-505 


91 


200-620 


17 


37-479 


42 


92-594 


67 


147-710 


92 


202*825 


i8 


39-683 


43 


94-799 


68 


149-914 


93 


205*030 


19 


41-888 


44 


97.003 


69 


152-119 


94 


207*234 


20 


44-092 


45 


99-208 


70 


154-323 


95 


209*439 


21 


46-297 


46 


101-413 


71 


156-528 


96 


211*644 


22 


48'502 


47 


103-617 


72 


158-733 


97 


213*848 


23 


50-706 


48 


105-822 


73 


160-937 


! 98 


216*053 


24 


52-911 


49 


108-026 


74 


163-142 


99 


218*275 


25 


55-^^5 


50 


110-231 


75 


165-347 


100 


220*462 
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K. — Conversion of Miles into Kilometres. 



Kilos. 


Miles. 

i 


Kilos. 


Miles. 

ID 


Kilos. 
31 


1 
Miles. 


Kilos. 


Miles. 


Kilos. 


Miles. 


I 


16 


19J 


46 


28f 


60 


37i 


2 


li 


17 


lOf i 

1 


32 


19S 


47 


29i 


70 


43i 


3 


li 


: 18 

1 


"J 


33 


20} 


48 


29i 


' 80 


49i 


4 


2i 


19 


11} 


34 


: 21J 


49 


30* 


90 


55l 
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3J 


20 


I2i 


35 


, "* 


50 


31J 


100 
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62i 
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3i 


21 


13 


36 


22t 


51 


3ii 


200 


124} 


7 


4i 


1 
22 


I3f 


37 


23 


52 


32i 


300 


i86t 


8 


5 


23 


Mi 


38 


23f 


53 


32} 


400 


248J 


9 


5t 
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24 


i4i 


39 


24i 


54 


33* 


500 


310} 


10 


6i 


25 
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40 


24} 


55 


34t 


600 


372i 


II 


6i 1 


26 
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i6i 


41 


25i 


56 


34i ' 


. 700 


435 


12 


7i 


27 


i6i 


42 


26J 


57 


35i 


1 800 


497J 


13 


8i 


28 


i7i 


43 


26} 


58 


36 ; 


900 


559i 
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29 


18 
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1 27t 
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